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INTRODUCTORY  SESSION 

The  First  Symposium  on  Ship  Maneuverability  was  opened  at  10  a.m 
on  24  May  1960  at  the  David  Taylor  Model  Basin,  Washington,  D.C. 

Mr.  Morton  Gertler,  Chairman  of  the  Symposia!.-.,  c.vncd  the  Introductory 
Session. 

The  following  addresses  were  given  at  the  Introductory  Session. 


INTRODUCTION 


by 

Rear  Admiral  IE.  A.  Wright,  USN 
Commanding  Officer  and  DirecVor 
David  Tcylcr  Model  Basin 


Mr.  Chairman,  Admiral  James,  Ladies  and  Gentlemen: 

/ 

Noah’s  Ark  was  perhaps  the  only  ship  in  which  maneuverability  was  not  an  important 
characteristic.  It  seems  almost  incredible,  therefore,  that  this  is  actually  our  first  symposi¬ 
um  devoted  to  exchanging  ideas  on  ship  maneuverability. 

Even  so,  this  one  began  with  plans  for  a  Second  International  Symposium  on  Seakeeping. 
Then  in  my  office  eaGy  last  year,  Dr.  Schoenhcrr  and  Captain  Saunders  pointed  out  that  we 
still  have  a  profusion  of  undigested  technical  contributions  and  of  unanswered  questions  from 
the  First  Seakceping  Symposium  at  Wageningen  in  1957,  and  that  we  have  much  more  to  learn 
by  pooling  our  ignorance  and  thoughts  on  maneuverability.  And  so  here  we  arc. 

The  timing  seemed  to  fit  nicely,  between  the  American  Towing  Tank  Conference  hold 
at  the  University  or  California  in  September  1959,  and  the  International  Towing  Tank  Confer¬ 
ence  planned  for  Paris  in  September  1960.  The  subject  matter  of  maneuverability  seemed  an 
appropriate  buildup  to  the  I960  ITTC  at  which,  for  the  first  time,  a  full  technical  session 
will  be  devoted  to  maneuverability. 

The  new  maneuvering  facilities  hero  at  the  David  Taylor  Model  Basin  are  still  under 
construction.  They  will  be  opened  for  the  first  time  during  this  Symposium,  and  you  will  have 
the  opportunity  to  see  them  Wednesday  afternoon.  However,  several  months  of  shakedown, 
optimization,  and  correlation  will  be  required  before  these  facilities  are  ready  for  dedication 
and  productive  research. 

To  open  the  First  Symposium  on  Ship  Maneuverability,  we  are  highly  honored  to  have 
the  Chief  of  the  Bureau  of  Ships,  Bear  Admiral  It.  K.  James.  The  David  Taylor  Model  Basin 
is  but  one  of  the  seven  naval  laboratories  under  the  management  and  technical  control  of 
Admiral  James,  who  is  also  responsible  for  our  eleven  shipyards  and  many  supporting 
activities.  The  Chief  of  the  Bureau  of  Ships  is  responsible  lor  the  design,  construction,  and 
maintenance  of  every  ship  in  the  United  States  Navy.  The  Bureau  of  Ships  puts  more  effort 
into  ship  research  than  any  other  organization  in  the  world.  It  is  with  particular  pleasure 
that  I  introduce  to  you  Admiral  James. 


WELCOMING  ADDRESS 


by 

Rear  Admiral  R.  K.  James,  USN 
Chief,  Bureau  of  Ships 
U.S.  Navy  Department 


The  Bureau  of  Ships  is  interested,  of  course  in  what  effort  goes  into  the  field  of  ship 
research,  but,  even  more  important,  we  are  extremely  interested  in  what  comes  out  of  such 
effort,  (t  is  the  hardware  that  is  the  responsibility  of  the  Chief  of  the  Bureau  of  Ships.  Re¬ 
search  leading  to  it  is  an  important  and  major  step,  but  the  ultimate  result  is  the  finished 
hardware. 

When  I  was  a  young  naval  officer,  I  had  a  rare  experience  that  taught  me  the  importance 
of  maneuverability.  I  was  undertaking  the  transit  of  p.  very  restricted  channel  in  an  outboard 
driven  boat  where  I  had  been  doing  some  fishing  off  Ocean  City,  Maryland.  As  I  entered 
the  channel,  I  was  almost  overtaken  by  a  following  sea  that  was  roaring  up  inside  that  nar¬ 
row  and  restricted  channel.  If  it  were  not  for  the  complete  maneuverability  of  that  craft,  I 
might  not  be  participating  in  this  excellent  performance  today.  So  I  am  indeed  conscious  of 
the  importance,  for  many  reasons,  of  the  contributions  that  you  as  a  group  of  International  and 
American  experts  can  produce  in  this  ueld.  It  is  most  important  that  you  do  get  together  be- 
-?use  the  field  is  so  limited.  In  this  regard  we  can  benefit  by  each  other’s  mistakes  and  ap¬ 
preciate  each  other’s  advances  in  the  programs  that  we  are  able  to  conduct  collectively  in  the 
several  basins  around  the  world.  So  I  commend  you  to  your  effort.  This  is  a  most  vital  one 
to  us  of  the  United  States  Navy,  as  it  is  to  all  who  go  to  sea  in  ships.  Wo  have  considerable 
interest  not  only  in  the  applied  research  that  is  basic  to  the  comment  that  I  made  in  the  begin¬ 
ning,  but  we  are  enuailv  concerned  with  tne  fundamental  research  which  goes  on  in  this  area. 

1  am  aware  that  we  put  over  2  million  dollars  a  year  into  the  basic  fundamental  research 
in  this  field  of  ship  maneuverability  largely  through  the  management  and  direction  of  the  David 
Taylor  Model  Basin  which  also  touches  many  dozens  of  universities  and  laboratories  through¬ 
out  our  country.  The  composite  effort  that  goes  on  in  our  country,  added  to  that  which  is  done 
in  your  country  for  those  of  you  who  have  come  from  abroad,  can  really  produce  for  us  the 
kinds  of  things  that  we  need;  and  maneuverability  is  certainly  one  of  them. 

I  am  asked  to  welcome  you  to  this  gathering  and  it  is  indeed  a  pleasure,  a  distinct 
pleasure,  to  extend  the  welcome  of  the  Navy  Department  and  particularly  of  the  Bureau  of 
Ships  to  all  of  you  who  have  come  from  jour  various  offices  and  institutions  around  the  world. 

I  trust  that  you  will  have  a  most  successful  meeting.  In  exchanging  ideas,  I  am  ^ure  you  will 
produce  for  us  those  things  that  we  need:  the  most  maneuverable  vessels  that  are  possible 
for  man’s  imagination  to  create.  Good  luck  on  your  work  and  I  hope  we  will  get  to  see  each 
other  again  soon. 
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SHIP  MANEUVERABILITY  FROM  THE  STANDPOINT  OF 
THE  NAVAL  DESIGNER  AND  OPERATOR 


by 

Rear  Admiral  J.  M.  Farrin,  USN 
Assistant  Chief 
Buieau  of  Ships  for  Design, 
Shipbuilding,  and  Fleet  Maintenance 
U.S.  Navy  Department 


It  i  a  particular  pleasure  for  me  to  be  with  you  today,  as  an  oid  alumnus  of  the  Model 
Basin  ,  to  take  some  part  in  this  important  first  meeting  on  ship  maneuverability.  In  these 
days  of  rapid  technological  advances,  when  we  have  seen  such  things  as  supersonic  aircraft, 
nuclear  power,  and  space  rocketry,  the  more  ancient  art  of  naval  architecture  must  not  be  left 
behind.  I  think  our  need  today  for  important  advances  in  the  field  of  the  naval  architect  and 
the  marine  engineer  are,  if  anything,  greater  than  ever  before.  As  you  know,  developments  in 
the  field  of  submarine  propulsion  am!  maneuverability  have  made  the  submarine  a  much  faster 
and  a  more  agile  vehicle  than  any  of  its  predecessors.  But,  unfortunately,  the  surface  ship 
has  not  kept  pace  with  this.  Now,  if  surface  naval  vessels  are  to  maintain  their  competitive 
position  relative  to  the  submarine,  it  is  necessary  that  they  achieve  a  substantial  increase 
in  speed  arid  become  more  maneuverable.  Tiiis  is  a  military  requirement.  Ship  maneuverabil¬ 
ity  then  has  to  take  on  new  dimensions  in  this  era  of  rapid  change.  This  change  adds  orders 
of  magnitude  to  the  problem  which  existed  with  previous  conventional  displacement  ships  at 
moderate  speed. 

Today  we  have  hydrofoil  boats,  planing  craft  semisubniergod  high-speed  vessels,  and 
hover  craft,  and  with  these  vehicles  we  are  faced  with  an  entirely  new  set  of  stability  and 
control  problems.  But  even  in  the  slower-spoed  more-conventional  ship,  modern  naval  tactical 
evolutions  require  expert  seamanship,  and  they  require  more  precise  ship  control  than  has 
heretofore  been  obtainable.  For  example,  the  Navy  performs  important  replenishment  transfer- 
at-sea  operations  that  are  necessary  to  supply  our  combatant  ships  and  prolong  their  endurance. 
Such  operations  require  these  ships  to  maneuver  under  varying  sea,  conditions  in  close  prox¬ 
imity  to  other  ships  for  considerable  periods  of  time.  As  a  result  of  this  requirement  our  re¬ 
cent  designs  of  naval  auxiliaries  have  stressed  improved  steering  qualities. 

This,  of  course,  is  not  to  say  that  our  ability  to  design  maneuverability  into  ships  has 
not  undergone  considerable  improvement  in  recent  years.  As  a  result  of  research  we  have  attained 
some  understanding  of  directional  stability  and  its  predictions.  We  have  developed  techniques 
of  improving  the  maneuverability  of  our  ships  without  resorting  entirely  to  the  trial  and  error 
methods.  It  has  been  some  time,  I’m  glad  to  say,  since  wo  in  the  Bureau  of  Ships  have  heen 
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faced  with  a  directionally  unstable  ship,  although  I  recall  quite  well  some  12  years  ago  when 
we  did  have  this  problem  with,  of  all  things,  the  President’s  yacht  WILLIAMSBURG-  At  the 
time  we,  of  course,  gave  this  problem  high-priority  high-level  attention  and  came  up  with  a 
solution  I  am  sure  is  familiar  to  all  naval  architects.  We  simply  increased  the  rudder  area. 

I  mentioned  earlier  that  replenishment  at  sea  is  a  vital  problem.  There  has  been  a 
continuing  trend  tow'ard  replenishment  at  higher  speed.  Adverse  forces  and  moments  have 
thus  been  greatly  increased.  Mr.  Newton  will  survey  this  field  for  us  in  his  paper  this 
afternoon.  But,  at  the  present  time,  we  cannot  predict  in  advance  the  effect  of  hull  form,  lat¬ 
eral  and  longitudinal  ship  separation,  speed,  and  rudder  characteristics  on  the  ability  of  ships 
to  maintain  these  close  operations.  Also  we  have  little  basis  to  predict  what  to  expect  if 
these  replenishment  operations  occur  in  rough  seas.  At  present,  avoidance  of  collision,  unfor¬ 
tunately,  rests  almost  entirely  on  the  judgment  of  the  ship  captain.  We  think  a  scientific 
input  and  interest  in  this  problem  has  been  sorely  needed. 

Good  maneuverability  at  low  speeds,  especially  in  restricted  waters,  as  we  all  know, 
is  very  difficult  to  obtain.  We  know,  for  instance,  that  our  capital  ships  and  large  merchant 
vessels  require  delicate  handling  in  canals.  Mr.  Pehrsson  will  discuss  bow  propellers  as  a 
solution  to  this  slow-speed  maneuvering  problem.  Other  devices  that  may  help  the  problem 
are  active  rudders,  jet  flaps,  and  cycloidal  propellers.  Some  problems  of  maneuvering  in  re¬ 
stricted  waters  will  also  be  discussed  bv  Mr.  Bindel  and  Dr.  Schoenherr. 

But  perhaps  the  most  fundamental  problem  of  all  is  just  what  do  wo  mean  by 
maneuverability.  It  is  difficult  indeed  to  ask  the  ship  designer  to  build  in  satisfactory  con¬ 
trols  when  we  have  not  determined  performance  criteria  for  this.  Messrs.  Gertler,  Govcr, 

Scg'M,  ar.d  Nomoto,  in  their  papers,  will,  I’m  sure,  shed  light  on  this  important  area.  But, 
regardless  of  the  absence  of  adequate  criteria,  the  designer  still  has  to  provide  his  ship  with 
a  rudder.  It  is  relatively  easy  to  increase  the  power  of  the  steering  engine  while  the  ship  is 
still  on  the  drawing  board,  but  of  course,  once  it  is  built,  this  capacity  must  remain  fixed. 

The  designer  thus  must  have  a  reliable  way  of  predicting  rudder  torque.  Toward  this  end  we 
have,  of  course,  quite  a  fund  of  aerodynamic  literature  which  wo  have  extended  to  the  lower 
aspect  ratios  that  are  associated  with  rudders.  Mr.  Taplin  will  review  the  present  state  of 
the  art  in  this  field.  But  even  with  this  extensive  background,  we  still  have  much  to  learn. 
What  is  the  mechanism  of  the  unwanted  aeration  of  rudders?  llow  does  it  affect  maneuverabil¬ 
ity?  Why  do  the  existing  tests  of  model  and  full-scale  forces  and  moments  show  such  poor 
correlation?  What  is  the  role  of  flow  separation  in  this  problem? 

Through  the  ingenuity  of  our  personnel  and  some  excellent  facilities,  we  have  mastered 
many  of  the  important  problems  of  submarine  maneuverability.  For  example,  we  can  success¬ 
fully  satisfy  the  “opposing”  requirements  of  directional  stability  and  control  in  our  subma¬ 
rines,  as  shown  by  the  submarine  SKIPJACK  which  can  be  flown  hands-off  and  yet  can  ma¬ 
neuver  almost  as  well  as  a  porpoise  does.  We  hope  to  achieve  capability  such  as  this  with 
surface  ships.  Dr.  Shiba  will  discuss  some  model  tests  along  this  line.  And  of  course  the 
new  facilities  that  Admiral  Wright  has  mentioned  here  at  the  David  Taylor  Model  Basin  should 
help  answer  this  question. 
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Scientific  probing  into  the  fundamental  hydromechanic  problem  is  essential.  Such 
probing,  I  think,  is  exemplified  by  Mr.  Motora’s  paper  on  “Added  Mass  and  Moment  of  Inertia.” 
The  designer  needs  the  foois  of  both  analysis  and  synthesis.  Analysis  will  toll  l.im  the 
physics  of  what  is  happening  and  what'  the  various  components  of  the  ship  contribute  toward 
the  end  result.  Synthesis  enables  him  to  combine  these  various  elements  into  a  balanced, 
well-behaved  ship.  But  the  scientist  '-as  to  provide  the  analytical  information. 

I  am  most  happy  to  see  the  coincidence  in  time  between  the  First  Symposium  on  Ship 
Maneuverability  and  the  opening,  as  Admiral  Wright  has  mentioned,  of  the  new'  Maneuvering 
and  Sea  Keeping  Facilities  here  at  the  David  Taylor  Model  Basin.  I  think  in  any  discussion 
of  maneuverability,  we  cannot  help  but  be  reminded  of  the  important  pioneering  work  of  the 
late  Dr.  K.  <v  M.  Davidson,  since  his  early  interest  in  the  fundamental  problems  of  stability, 
steering,  and  maneuverability  contributed  so  much  to  the  knowledge  of  our  profession  in  these 
important  problems. 

The  proceedings  of  this  symposium  will  no  doubt  bring  to  light  much  new  information 
on  all  aspects  of  the  maneuvering  problem.  Those  should  form  important  milestones  in  our 
progress.  We  in  the  Navy  Department  feel  that  the  First  Symposium  on  Ship  Maneuverability 
is  a  most  important  event.  We  have  high  hopes  for  a  very  productive  meeting. 


SHIP  MANEUVERABILITY  FROM  THE  STANDPOINT  OF  THE 
MERCHANT  MARINE  DESIGNER  AND  OPERATOR 


by 


Ludwig  C.  Hoffman 
Chief,  Office  of  Ship  Construction 
U.S.  Maritime  Administration 


The  increasing  size  end  speed  of  ships  bring  greater  problems  of  safe  operation  in 
congested  waters  and  control  at  high  speeds  in  waves.  Ship  designs  are  a  compromise  with 
respect  to  maneuverability,  first  cost,  and  course-keeping  ability.  Obviously,  a  ship  operator 
would  like  to  have  maximum  maneuverability  in  port  to  minimize  the  cost  of  tugs  and  delays 
in  docking  (he  vessel.  lie  needs  a  ship  which  will  hold  a  steadv  course  to  avoid  lost  time 
and  expense  incident  to  unnecessary  additional  mileage  when  the  vessel  wanders  off  course 
or  where  excessive  rudder  angles  are  required  to  keep  the  ship  on  course. 

Hull  forms  and  appendages  for  conventional  single-screw,  general  purpose,  dry  cargo 
ships  have  been  stabilized  over  the  years  in  the  proving  ground  of  actual  service,  with  the 
result  that  generally  acceptable  performance  characteristics  are  achieved  as  a  compromise 


with  first  cost  and  docking  expense.  This  should  not  be  construed  as  ruling  out  the  possi¬ 
bility  of  improving  maneuverability  characteristics  of  these  conventional  ships  without  im’- 
pairing  other  desirable  characteristics.  However,  it  appears  that  the  most  fruitful  avenues 
of  research  can  be  found  with  ships  destined  for  unusual  services  requiring  superior  maneu¬ 
vering  characteristics.  Occasionally,  and  more  often  in  the  twin-screw  category,  we  hear  of 
conventional  designs  which  have  proven  inferior  from  the  standpoint  of  tactical  diameter  or 
course-keeping  ability.  These  instances  come  to  light  usually  after  grounding  or  collision 
which  turn  out  to  be  very  expensive  casualties.  Modifications  for  improving  the  maneuvering 
characteristics  of  existing  ships  are,  of  course,  many  times  more  expensive  than  obviating 
the  difficulty  in  the  first  place  through  use  of  the  model  basin  tools  now  available. 

The  Maritime  Administration  is  quick  to  encourage  design  agents  and  ship  operators 
to  Cully  exploit  the  facilities  available  in  the  tank  for  this  purpose.  We  consider  our  con¬ 
struction  subsidy  participation  to  be  a  particularly  wise  investment  when  the  engineering 
costs  for  preparing  ship  construction  contract  plans  and  specifications  embrace  a  comprehen¬ 
sive  program  of  model  testing,  including  maneuvering  and  seakeeping  aspects. 

In  the  dc  ign  and  construction  of  the  Coast  and  Geodetic  Survey’s  ship,  SS  SURVEYOR, 
delivered  earlier  this  month  at  the  National  Steel  and  Shipbuilding  Company,  San  Diego, 
California,  the  Taylor  Model  Basin  performed  significant  maneuvering  experiments  which  gave 
a  firm  basis  for  selecting  auxiliary  propulsion.  The  Coast  and  Geodetic  Survey  requires  many 
of  the  course-keeping  abilities  common  to  oceanographic  ships,  as  is  fully  explained  in 
Mr.  Rosenblatt’s  excellent  paper  to  be  presented  in  a  few  days  before  the  Society  of  Naval 
Architects  and  Marine  Engineers.  The  experiments  conducted  with  the  limited  facilities  then 
available  demonstrated  to  everyone's  reasonable  satisfaction  that,  for  this  particular  service, 
the  right-angle  drive  auxiliary  propulsion  was  superior  to  an  “active  rudder.’’  \s  a  part  of 
the  Maritime  research  program,  we  are  making  available  to  the  Coast  and  Geodetic  Survey  a 
right-angle  drive  auxiliary  propulsion  unit  manufactured  by  Murray  and  Tregurtha  which  will 
be  permanently  installed  on  the  SS  SURVEYOR.  The  service  experience  of  this  installation 
will  be  made  available  to  the  profession  and  to  the  model  basins  where  it  is  visualized  that 
correlation  testing  not  only  in  still  water  but  in  waves  may  be  profitable  to  establish  the 
degree  of  reliability  which  can  be  placed  on  such  model  testing. 

With  the  opening  of  the.St.  Lawrence  Seaway,  a  large  group  of  cargo  ships  which  were 
not  designed  for  that  particular  service  nevertheless  were  used  in  transiting  the  tortuous 
cnnals  and  locks  of  that  system.  One  of  the  major  elements  of  extra  expense  was  in  repairs 
resulting  from  damage  tc  ship  structure  due  to  collision  with  the  sides  of  the  locks  and  the 
lack  of  control  of  the  slips,  particularly  when  they  are  light  in  restricted  waters  nnd  sub¬ 
jected  to  strong  crossw  nds.  This  is  one  example  where  a  capital  investment  in  auxiliary 
maneuvering  equipment  would  be  fully  justified. 

Stimulated  by  Messrs.  Gertler  and  Gover’s  paper  presented  before  the  Chesapeake 
Section  of  SNAME,  the  Maritime  Administration  included  spiral  maneuvers  ns  part  of  the  triai 
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agenda  of  tho  tanker  AMERICAN  EXPLORER  completed  last  summer  at  Ingalls  Shipbuilding 
Corporation.  This  is  a  20-knct  commercial  type  tanker,  now  being  operated  by  the  Military 
Sea  Transportation  Service,  having  rather  fine  lines  for  a  tanker  because  of  its  high  speed. 

The  trials  were  conducted  under  adverse  conditions  of  wind  with  30-  and  40-knot  gusts 
blowing  continuously.  An  analysis  showed  that  the  vessel  has  good  course-keeping  ability. 
Thus  far  the  operating  experience  with  MSTS  tends  to  bear  this  out. 

However,  unlike  the  AMERICAN  EXPLORER,  there  is  an  entirely  different  family  of 
tankers  under  construction  which  inherently  will  give  trouble  from  the  standpoint  of  their 
course-keeping  characteristics.  Bethlehem  Steel  Company  has  recognized  this  in  the  case  of 
the  largest  tanker  in  the  world,  106,000  tons  DWT,  now  under  construction  at  Quincy, 
Massachusetts.  At  their  request,  tho  David  Taylor  Model  Basin  conducted  extensive  studios 
with  various  appendage  configurations  on  this  twin-screw  design.  Judging  from  experiments, 
the  cost  of  tho  model  tests  will  be  repaid  many  times  through  improvements  which  were 
achieved  in  the  behavior  of  the  ship  based  on  those  tests.  The  Maritime  Administration  is 
insuring  the  mortgage  of  this  ship  design  and  is  suggesting  that  spiral  maneuvers  be  con¬ 
ducted,  not  only  to  provide  the  absolute  answer  on  course-keeping  ability,  but  to  permit 
correlation  between  model  tests  and  full-scale  performance. 

Summarizing  from  the  standpoint  of  the  marine  designer  and  operator,  there  is  a  con¬ 
stant  battle  to  decrease  both  operating  and  first  costs  in  the  economic  struggle  for  profitable 
operation.  A  highly  maneuverable  ship  can  cut  down  docking  foes  and  tug  charges,  have 
better  access  to  “up  river’’  ports,  improve  its  safety  through  avoidance  of  collisions,  and  on 
occasions  receive  preferential  treatment  by  harbor  pilots  so  as  to  avoid  delays  required  by 
the  pilot  to  adjust  trim  conditions  or  wait  for  more  favorable  tides.  When  superior  maneuver¬ 
ability  can  be  obtained  without  prohibitive  first  cost  and  the  ship  operator  is  convinced  of 
this  fact,  the  improvements  will  be  made. 

The  new  facilities  in  the  model  basins  such  as  those  now  being  made  available  at  tho 
David  Tavlor  Model  Basin  offer  better  opportunities  to  determine  in  advance  of  actual  ship 
construction  the  gains  which  can  be  expected  in  the  field  of  maneuverability  and  the  relative 
cost  of  incorporating  the  desirable  features  in  the  vessels.  The  Department  of  tho  Navy  is  to 
be  commended  for  its  farsighted  planning  and  action  in  this  area. 


THE  ROLE  OF  THE  RESEARCH  AND  DEVELOPMENT  LABORATORY 
IN  THE  FIELD  OF  SHIP  MANEUVERABILITY 


by 


Dr.  Karl  E.  Schoenherr 
Technical  Director 
Hydromechanics  Laboratory 
David  Taylor  Model  Basin 


The  part  assigned  to  me  in  this  morning’s  survey  of  ship  maneuverability  is  to  discuss 
the  role  played  by  the  research  and  development  laboratory  in  advancing  our  knowledge  in  this 
field.  To  do  this  adequately  would  require  considerably  more  time  than  has  been  allowed  on 
the  program  for  this  discussion.  Since  time  is  of  the  essence,  only  two  choices  were  open: 
either  to  cover  the  whole  subject  very  sketchily,  or  to  cover  only  a  small  part  of  it  and  do  so 
in  a  reasonably  adequate  manner.  The  latter  course  appeared  to  be  preferable.  The  part 
which  I  elected  to  discuss  is  a  survey  of  the  work  done  by  the  model  basins  on  this  side  of 
the  ocean,  particularly  EMB  and  TMB,  on  ship  maneuverability  within  the  past  forty  years.  1 
want  to  make  this  limitation  clear  at  the  outset,  as  I  do  not  wish  our  foreign  friends  and  vis¬ 
itors  to  feel  that  we  are  unaware  of  or  unappreciative  of  the  excellent  work  along  the  same 
lines  that  has  been  done  in  other  mode!  basins  in  the  world. 

The  subject  of  ship  maneuverability  is  usually  considered  to  include  the  determination 
of  the  motion  of  surface  ships  in  a  horizontal  plane  and  the  motion  of  submarines  in  horizontal 
and  vertical  planes  under  the  action  of  the  hydrodynamic  forces  applying  on  the  hull  and  rudder, 
as  well  as  the  control  of  these  motions.  In  this  broad  sense,  therefore,  maneuverability  has 
two  aspects:  first,  the  ability  of  a  ship  to  change  course  rapidly  when  course  changes  are 
desired,  and.  second,  the  ability  for  a  ship  to  remain  on  course  when  no  course  changes  are 
desired.  In  the  past,  greater  emphasis  has  been  placed  on  “turning  ability”  rather  than  on 
course-keeping  ability,  hut  in  recent  years  both  aspects  of  the  subject  have  been  receiving 
about  equal  attention.  The  earlier  emphasis  on  ship  turning  abi'ity  probably  stemmed  from 
the  fact  that  turning  characteristics  were  relatively  easy  to  determine  and  were  important  to 
know  at  that  time  when  naval  vessels  still  operated  in  compact  squadrons  rather  than  as  single 
units,  while  course-keeping  characteristics  were  not  so  easy  to  determine.  The  work  done  by 
the  model  basins  reflects  this  attitude  Although  steering  and  maneuvering  tests  were  made 
occasionally  in  the  early  days,  such  tests  were  often  made  to  correct  bad  steering  conditions 
found  on  individual  ships  already  built,  or  to  evaluate  patented  rudders,  such  as  the  Oertz 
rudder  and  Contra  rudder,  and  model  turning  tests  wore  carried  out  quite  regularly  in  the 
course  of  developing  new  vessels  before  construction. 
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The  old  United  States  Experimental  Model  Basin  had  no  special  facilities  for  turning 
and  maneuvering  tests.  Whatever  work  was  done  there  had  to  be  done  in  the  standard  towing 
tank.  Fortunately,  this  tank  was  wider  than  most  contemporary  model  basins,  having  a  width 
of  42.7  feet  on  the  surface,  which  permitted  turning  of  12-  to  20-foot  models  through  about  90 
degrees.  In  spite  of  these  space  limitations,  turning  tests  were  begun  at  EMB  as  soon  as 
self-propulsion  tests  had  proved  feasible  and  reliable.  This  was  fostered  by  the  fact  that  at 
EMB  all  models  were  made  of  wood  and  thus  could  withstand  considerable  rough  handling, 
and  that  from  the  start  fully  appendagod  models  driven  by  interna!  dynamometers  were  used 
instead  of  wax  models  with  propeller  pushed  up  from  astern,  as  was  the  case  at  that  time  in 
European  tanks. 

It  may  bo  of  interest  to  describe  in  some  doLail  the  technique  for  conducting  turning 
tests  developed  at  EMB  as  this  technique  greatly  influenced  subsequent  development  at  TMB. 
The  earliest  tests  were  made  in  1921—24  on  a  model  of  the  battleship  NEW  MEXICO.  Some 
of  the  results  of  these  tests  were  reported  in  a  paper  by  How-ins  and  Roop  at  the  1931  meeting 
of  the  Society  of  Naval  Architects.  However,  for  present  purposes  it  will  be  of  interest  to 
repeat  the  salient  point  of  this  investigation  quoting  directly  from  the  original  EMB  report. 
Report  No.  10G  dated  1921—24  states: 

“In  1918.  experiments  were  made  at  sea  on  the  NEW  MEXICO,  fitted  with 
hydraulic  steering  gear,  and  attempts  were  made  to  determine  rudder  forces  and 
moments  while  the  vessel  was  turning  under  helm.  These  experiments  were 
only  partially  successful,  and  the  opinion  was  expressed  that  model  experiments 
only  could  further  clear  the  problem.  Accordingly,  the  work  of  developing  appa¬ 
ratus,  w  hich  would  give  the  desired  result^,  was  undertaken  at  the  Mode!  Basin. 

This  work  has  been  done  under  manv  difficulties,  and  it  was  not  until  1924, 
that  successful  results  were  obtained. 

“The  object  to  he  obtained,  in  a  model  of  the  NEW  MEXICO,  self- 
propelled  at  a  given  speed  and  running  free,  was  to  turn,  at  a  proper  moment, 
the  rudder  to  a  predetermined  angle,  in  a  given  time,  and  to  furnish  simulta¬ 
neously  continuous  records  of  rudder  force  components,  torque  on  the  rudder 
stock,  speed  of  vessel,  curvature  of  path,  helm  angle,  heel  of  ves  1  and 
other  minor  data,  all  on  a  time  base.  All  conditions  of  the  experiments  were 
to  be  as  closely  as  possible  similar  to  those  of  the  trials  of  the  full-sized 
vessel  .... 

“.  .  .  the  width  of  this  basin,  about  forty  feet,  precluded  the  use  of  a 
model  longer  than  about  ten  feet.  It  involved  small  displacement,  and  small 
forces,  the  rudder  pressure  being  of  the  order  of  one  pound  .... 

“The  model  was  without  bilge  or  docking  keels,  but  was  otherwise 
complete  w-ith  four  struts,  shafting,  and  propellers  to  scale,  .  .  .” 
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Deviating  now  from  the  report,  I  am  showing  ,  ou  in  throe  slides  the  model  and  instru 
mentation  that  was  used.  Figure  1  shows  the  exterior  of  the  model,  the  mast  Greeted  at  the 
forward  end,  and  the  camera  platform  directly  over  the  rudder  apparatus.  Figure  2  shows  the 
interior,  the  batteries  and  propulsion  motors,  and  four  small  electro  lights— one  mounted  at 
the  foot  of  the  mast,  one  at  the  masthead,  and  two  on  the  centerline  of  the  model  forward  of 
the  rudder.  These  lights  served  to  fix  the  position  of  the  model  while  turning.  Figure  3 
shows  the  rudder  apparatus.  This  apparatus  consists  of  a  bedplate  fastened  to  the  deck  of 
model,  on  which  rests  a  floating  platform  carrying  the  rudder  and  the  rudder-drive  mechanism. 
The  two  platforms  are  connected  by  cylindrical  springs  in  such  a  way  that  fhe  upper  platform 
can  move  relative  to  the  fixed  bedplate  with  two  degrees  of  freedom.  The  relative  motion  of 
the  platform  is  measured  by  four  Ames  gages,  the  deflections  of  which  were  recorded  by 
means  of  a  moving-picture  camera  mounted  above  it. 

Quoting  further  from  the  report; 

“To  obtain  the  [turning!  path  of  the  model  in  the  horizontal  plane,  and 
other  data,  an  8  x  10  plate  camera,  with  axis  vertical,  was  secured  to  the 
roof  structure  of  the  building,  about  20  feet  above  the  water.  A  disc  shutter 
was  operated  at  constant  speed  bv  a  motor,  the  plate  being  thus  given  short 
exposures  at  constant  intervals  of  about  one-half  second,  and  thus  a  record 
was  obtained  on  the  same  plate,  of  the  successive  positions  of  the  various 
points  of  the  model  traveling  under  it.  Those  points  were  small  eicctric 
lights,  one  at  a  forward  masthead,  one  immediately  below  it,  another  aft  on 
deck,  d  a  fourth,  also  aft,  which  was  illuminated  with  the  starting  of  the 
steeri ng  motor,  ...” 

Runs  were  made  as  follows: 

“The  model  was  guided  by  hand,  alongside  a  platform  fixed  to  the 
basin  carriage,  making  a  straight  run  with  the  carriage  until  the  point  w  as 
reached  where  the  helm  was  to  be  put  over.  The  propelling  machinery  was 
operated  during  this  run,  regulated  to  give  the  desired  speed.  When  the 
proper  point  was  reached,  the  lights  were  turned  on,  together  with  the 
recording  camera,  and  finally  the  steering  gear  switch  was  thrown  on,  and 
the  model  instantly  released.  As  it  thus  proceeded  free,  the  carriage  was 
maneuvered  to  avoid  it.  At  the  same  time,  the  vertical  camera  was  operated.” 

Regarding  the  results  obtained  on  this  model  and  comparison  with  measurements  on 
the  ship,  the  report  states: 

“The  above  ■■’groements  seem  to  make  further  comments  unnecessary. 

It  seems  safe  to  assume  that  model  results  will  give  reliable  values  for  the  ship.” 

As  previously  mentioned,  the  technique  and  instrumentation  developed  for  the  NEW 
MEXICO  model  tests  were  the  basis  for  subsequent  work  at  EMB  and  TMB.  Subsequently 
free-running  turning  tests  were  made  with  larger  models  in  which  the  turning  path  and  heel 
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Figure  1  -  Elevation  of  USS  NEW  MEXICO  Model  C&R 


Dept.,  Navy  Yard,  Wash.,  D.C. 
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Figure  2  -  Plan  of  USS  NEW  MEXICO  Model  C&R  Dept.,  Navy  \ard,  Wash.,  D.C. 
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Figure  3  -  Rudder  Dynamometer 
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angle  bul.  no  rudder  forces  were  obtained.  These  larger  models  were  supplied  with  power  from 
the  towing  carriage  through  a  cable  that  was  dangling  from  a  “fish-pole”  vertically  over  the 
model  sc  as  not  to  restrain  its  motion.  Verticality  of  the  cable  was  maintained  by  allowing 
the  carriage  to  follow  the  model  and  swinging  the  pole  in  azimuth.  The  path  of  the  model  was 
recorded  as  previously  described,  except  that  two  synchronized  cameras  were  used  to  cover 
the  model  approach  as  well  as  the  turn,  instead  of  the  one  camera  used  in  the  NEW  MEXICO 
tests.  As  stated,  rudder  forces  in  the  turn  were  not  measured,  but  these  were  approximated 
by  special  straightaway  runs  in  which  the  model  was  restrained  from  turning,  and  the  side 
force  on  the  stern  of  the  model  and  the  stock  torque  were  measured.  While  the  limitation  of 
this  procedure  was  realized,  it  soon  became  standard  procedure  on  account  of  its  simplicity 
and  because  the  forces  measured  represented  maximum  values  which  are  of  primary  interest 
to  the  designers  of  rudder  and  rudder  engine. 

As  previously  mentioned,  the  methods  developed  at  EMB  greatly  influenced  the  design 
of  the  J-Basin  at  TMB.  This  basin  through  which  you  will  bo  conducted  in  the  course  of 
your  visit,  permits  the  turning  of  20-foot  models  through  about  180  degrees.  The  techniques 
of  conducting  tests  in  this  basin  are  essentially  the  same  as  described  in  my  previous  dis¬ 
cussion  except  for  refinements  of  operation  arid  instrumentation.  Thus,  the  path  of  the  model 
is  still  recorded  bv  overhead  cameras,  but  timing  by  means  of  flashing  the  lights  on  the  models 
in  regular  intervals  has  superseded  the  timing  by  rotating  shutters.  The  measurement  of  rudder 
forces  is  still  done  by  spring  deflection,  but  recorded  by  highly  refined  strain-gage  equipment. 
And,  last  but  not  least.,  the  old  “fishing  pole”  has  become  a  crane-like  structure  called  a 
“rotating  chair”  piloted  at  one  corner  of  the  carriage. 

Figure  4  shows  this  equipment.  To  the  left  is  the  rotating  chair  carrying  one  member 
of  the  test  crew  who  maintains  the  cable  connecting  carriage  and  model  in  a  vertical  position, 
and  in  the  foreground  is  the  model  executing  a  turn. 

I  mentioned  earlier  that  model  steering  and  maneuvering  tests  wore  carried  out  at  TMB 
in  isolated  cases.  Thus,  tests  were  run  to  measure  the  effect  of  rudder  movement  on  shaft 
horsepower,  tests  to  determine  the  ability  of  river  towboats  to  control  long  trains  of  barges, 
tests  tc  observe  the  yawing  motion  of  barges  towed  by  a  towboat  in  waves,  and  many  more. 
However,  maneuvering  tests  of  the  Kempf  type  were  not  carried  out  before  1940,  and  tests  of 
the  Dieudonne  type,  now  conducted  at  TMB  as  standard  procedure,  were  not  made  before  1950. 

In  the  early  part  of  the  war,  the  problem  of  maneuverability  received  increased  attention 
which  led  to  developments  in  two  directions.  First,  plans  were  made  to  construct  at  TMB  a 
rotating  arm  and  an  X-Y  Basin.  The  rotating  arm  was  to  be  a  relatively  simple  outdoor  affair 
but  the  X-Y  Basin  was  to  be  an  immense  indoor  facility.  This  basin  was  to  be  rectangular 
with  wavemakers  at  one  end,  spanned  by  a  carriage  traveling  on  rails  in  the  direction  of  the 
long  axis  of  the  rectangle,  and  equipped  with  a  second  carriage  or  cab  suspended  from  the 
main  carriage  traveling  in  the  direction  of  the  short  axis  of  the  rectangle.  The  plans  for 
these  facilities  were  actively  pursued,  but  when  it  became  apparent  that  they  could  not  be 
completed  in  time  to  solve  pressing  wartime  problems,  work  on  them  was  suspended,  to  be 
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Figure  4- Turning  Test  with  a  Self-Propelled  Model 


Figure  5  —  DTMB  Planar-Motion-Mechanism 
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resumod  later.  The  new  Maneuvering  and  Seakeeping  Facilities,  which  will  be  demonstrated 
tomorrow,  are  the  direct  sequel  of  these  earlier  plans. 

The  second  development  I  mentioned  was  the  active  support  by  the  Navy  of  the  Stevens 
Institute.  Stevens,  with  Navy  funds  and  encouragement,  had  constructed  a  75-  by  75-foot  ma¬ 
neuvering  basin  around  1940.  Early  tests  had  shown  that  useful  results  could  be  obtained 
with  5-foot  models  used  there.  This,  and  the  preoccupation  of  TMF>  with  other  work,  brought 
about  that  a  large  part  of  the  turning  and  maneuvering  work  that  normally  would  have  been  done 
at  TMB  was  transferred  to  Stevens.  Close  liaison  was  maintained  between  the  two  laboratories 
so  that  it  is  not  unfair  to  say  that  at  that  time  Stevens  was  practically  an  arm  of  TMB.  After 
the  war  this  close  liaison  ceased  and  TMB  resumed  maneuvering  and  turning  work,  proceeding 
with  the  development  of  suitable  facilities  that  was  interruDted  earlier. 

Up  to  now  my  discussion  has  been  confined  to  surface  vessels.  Obviously,  turning 
ability  as  well  as  course-keeping  ability  are  of  equal  or  even  greater  importance  for  submarines, 
torpedoes,  and  other  self-propelled  underwater  vehicles.  At  the  Experimental  Mode!  Basin, 
static  tests  with  submarine  models  12—15  feet  in  length  were  carried  out  quite  regularly  from 
about  1920  on.  In  these  tests,  the  model  was  towed  as  deeply  submerged  as  possible  at  var¬ 
ious  angles  to  the  horizontal  with  and  without  diving  planes,  and  lift,  drag,  and  moments  were 
measured.  These  tests  enabled  prediction  of  the  effectiveness  of  various  control  surfaces, 
and  no  doubt  contributed  materially  to  the  development  of  the  modern  U.  S.  submarine. 

When  activities  were  transferred  from  EMB  to  TMB  these  tests  were  continued,  but 
other  methods  that  would  enable  prediction  of  the  dynamic  behavior  of  underwater  vehicles, 
as  well  as  the  behavior  under  steady-state  conditions,  were  looked  into.  It  was  fully  realized 
in  those  days  that  the  techniques  developed  by  aeronautical  engineers  for  determining  the 
dynamic  stability  of  airplanes  could  be  transferred  to  submarine  work  with  no  essential  change 
and  that  the  coefficients  in  the  differential  equations  of  motion  for  small  departures  from 
equilibrium  conditions  could  be  obtained  by  forced  oscillation  techniques.  However,  instru¬ 
mentation  to  apply  this  technique  did  not  progress  beyond  the  sketch  stage  then  and  it  re¬ 
mained  for  the  younger  generation,  notably  Messrs.  Gertler  and  Goodman,  to  develop  this  in¬ 
strumentation  as  well  as  the  techniques  for  obtaining  the  coefficients  and  solving  the  equations 
of  motion. 

The  heart  of  the  instrumentation  is  the  so-called  Planar  Motion  Mechanism.  This  mech¬ 
anism  was  briefly  described  in  Admiral  Wright’s  paper  read  before  the  Society  of  Naval  Archi¬ 
tects  in  195S,  and  in  Mr.  Gertlor’s  paper  presented  at  the  1959  dedication  meeting  of  the  new- 
model  basin  in  Zagreb,  Jugoslavia.  To  make  this  talk  complete,  1  am  showing  you  the  mech¬ 
anism  in  Figure  5.  It  consists  of  a  tabic  attached  to  Carriage  11,  and  two  long  struts  connect¬ 
ing  the  model  to  the  table.  The  table  is  pivoted,  which  permits  setting  the  model  to  any 
desired  trim  angle.  In  addition,  the  struts  may  be  moved  up  and  down  relative  to  the  table 
in-phase  or  out-of-phase,  which  permits  inducing  in  the  model  a  heave  and  pitching  motion 
while  advancing  at  steady  or  variable  speed.  The  hydrodynamic  forces  on  the  model  are 
measured  by  variable  reluctance  gages  interposed  between  the  model  and  struts. 
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Recording  and  resolution  of  forces  into  components  is  accomplished  by  a  very  complex  elec¬ 
tronic  apparatus.  The  Planar  Motion  Mechanism  is  also  used  for  yawing  tests  of  submarines, 
by  merely  rotating  the  model  about  its  longitudinal  axis  through  an  angle  of  90  degrees. 

The  perfection  of  instrumentation  in  the  past  ten  years  has  made  it  possible  to  perform 
now  also  free-flight  turning  tests  on  submerged  submarines.  In  such  a  test,  shown  by  Fig¬ 
ure  6,  the  model  is  brought  up  to  speed  on  a  straight  course  by  its  propellers  and  kept  on 
course  and  at  a  fixed  depth  by  manipulating  the  rudder  and  diving  planes  from  the  carriage, 
which  is  following,  and  supplying  the  power.  At  a  given  instant,  the  rudder  is  thrown  over  to 
a  fixed  angle  and  held  there  while  an  attempt  is  made  to  maintain  the  initial  depth.  The  roll 
and  heel  angles  of  the  model  throughout  the  maneuver  are  recorded  by  a  gyro  mounted  in  the 
model. 

My  talk  would  be  incomplete  without  reference  to  the  state  of  present  knowledge  of 
the  subject  of  maneuverability  of  ships  and  what  remains  to  be  done  in  the  future. 

First,  I  should  like  to  show  to  you  three  charts  which  demonstrate  the  increased  in¬ 
terest  in  maneuverability  as  measured  by  the  amount  of  attention  it  is  receiving. 

The  first.  Figure  7,  shows  the  relative  number  of  free-running  model  tests  conducted 
through  the  years  at  KMB  and  TMB.  You  will  note  that  the  bar  graphs  are  broken  down  into 
sections,  each  of  which  shows  the  type  of  information  to  be  obtained. 

Figure  8  shows  much  the  same  information  but  pertaining  to  captive  model  tests. 
Previously,  I  have  not  said  anything  about  ful'-sealc  testing  because  my  discussion 
is  primarily  concerned  with  the  role  of  the  research  laboratory  in  the  field  of  maneuverability. 
However,  EMB  and  TMB,  like  all  model  basins,  have  been  in  close  contact  with  full-scale 
work  throughout  their  existence— first  as  observers  on  standardization  trials,  then  as  partic¬ 
ipants,  and  lately  as  rrincipals  in  conducting  special  research  trials. 

Figure  9  shows  that  full-scale  testing  is  increasing  at  about  the  same  rate  as  model 
testing.  This,  I  believe,  does  not  stem  from  distrust  of  the  model  results  hut  from  a  natural 
inclination  of  the  engineer  to  take  no  chances.  Ships  are  becoming  larger  and  ever  more 
costly.  Hence,  the  expense  of  a  proof-te=t  at  the  beginning  of  the  life  of  a  ship  is  a  small 
premium  to  pav  for  the  assurance  that  anticipated  results  are  obtained. 

\s  a  result  of  the  increased  attention  devoted  to  maneuverability,  as  shown  by  the  last 
three  figures,  much  has  been  learned  but  a  good  deal  remains  to  be  learned.  As  background, 
let  me  quote  a  statement  1  made  at  a  meeting  of  Section  12.1  of  NDRC  held  at  the  Stevens 
Institute  in  March  1944.  I  stated: 

“The  value  of  Admiral  Taylor’s  Standard  Series  lies  in  its  identifying 
the  main  variables  of  ship  resistance.  We  have  no  such  data  for  turning  but 
we  should  have  something  of  the  sort;  that  is,  informal  ion  concerning  the 
principal  factors  which  influence  turning  and  maneuvering  perhaps  in  the  form 
of  charts,  so  that  it  will  be  possible  to  predict  turning  performance  for  a  new 
design.  The  preparation  of  such  data  will  involve  a  detailed  study  of  the 
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forces  on  the  hull  while  turning  under  various  conditions  perhaps  by  local 
pressure  measurements  and  by  measurements  of  lateral  forces  on  models 
traveling  in  circles  (that  is  by  rotating  arm  techniques).” 

Since  that  time,  the  Stability  and  Control  Division  of  the  Laboratory,  under  Mr.  Gertler’S 
leadership,  has  devised  for  submarines  something  of  the  sort  I  had  in  mind.  However,  infor¬ 
mation  of  this  kind  for  surface  ships  is  still  lacking.  Hence,  as  1  see  it,  one  of  the  principal 
objectives  of  near-future  investigations  in  the  field  of  maneuverability  should  be  the  deter¬ 
mination  of  the  factors  that  make  one  surface  ship  maneuver  well  and  another  one  poorly,  in 
other  words,  to  find  the  connecting  link  between  hull  form  characteristics  and  turning  and 
course-keeping  ability. 

The  model  test  technique  guided  by  theory  is  the  ideal  medium  to  obtain  the  answers. 
Statistical  evaluation  of  full-scale  trials  is  helpful,  but  progress  by  such  methods  is  slow 
and  costly.  On  the  other  hand,  in  the  laboratory  a  very  large  number  of  variations  can  be 
tried,  one  variation  at  a  time,  at  relatively  low  cost,  and  the  test  conditions  can  be  carefully 
controlled.  Qv  applying  this  method  in  the  superb  new  fa  'ilities  now  nearing  completion  I 
am  confident  that  useful  results  will  soon  be  obtained. 


Figure  6  —  Submarine  Model  Undergoing  Submerged  Turning  Test 
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Figure  7  —  Relative  Amounts  and  Kinds  of  Free-Running  Model  Tests  Conducted  at  EMB  and  TMB 
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Figure  8  —  Relative  Amounts  and  Kinds  of  Captive  Model  Experiments  Conducted  at  EMB  and  TMB 
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Figure  9  —  Relative  Vmounts  and  Kinds  of  Full-Scale  Trials  Conducted  by  F.MB  and  TMB 


CLOSING  REMARKS 
by 

R.  N.  Newton  (R.C.N.C.) 
Superintendent 
Adniral  y  Experiment  Works 
Haslar,  England 


If  Admiral  Wright  will  excuse  me,  I  am  going  to  take  advantage  of  almost  the  last  two 
words  in  the  program  called  “Closing  Remarks.”  I  do  not  know  whether  1  was  supposed  to 
make  these  or  not  but  I  am  certainly  going  to  take  advantage  on  behalf  of  the  foreign  delegates. 

The  subjects  we  have  been  discussing  are  approximately  70  years  old,  technically  and 
scientifically  speaking,  anyway.  If  you  study  the  bibliography,  and  incidentally  cne  car.  do  no 
better  than  to  look  at  this  publication  by  Nils  Norrbin,  of  the  Swedish  State  Tank,  in  which  he 
summarizes  the  whole  history  right  back  to  70  years  ago,  and  you  will  find  there  have  been 
about  80  authors  on  the  subject.  In  the  whole  of  that  time,  they  have  written  only  about  100 
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papers,  including  the  papers  that  have  been  given  at  this  symposium.  The  point  about  that  is 
that  two-thirds  of  these  papers  have  been  given  in  the  last  15  years.  I  don’t  think  that  can 
leave  any  doubt  as  to  the  importance  with  which  I  regard  the  subject,  and  the  need  for  inter¬ 
national  cooperation  for  improving  the  knowledge. 

It  is  in  this  concept  that  this  symposium  on  the  subject  plays  a  highly  important  initial 
role  in  spotlighting  international  interest  in  no  uncertain  manner.  The  value  to  bo  placed  upon 
this  international  get-together  is  matched  only  by  the  quality  and  variety  of  the  papers,  and  also 
incidentally  by  those  additional  papers  by  authors  who  have  not  been  given  the  opportunity  to 
present  them.  The  quality  of  the  oral  discussion  has  been  equally  high  it  seems  to  have 
reached  a  crescendo. 

If  you  need  any  further  proof  of  the  international  interest  in  this  subject,  then  I  would 
recommend  you  to  the  names  of  the  delegates  who  have  been  attending.  And,  of  couise,  if 
one  needs  further  proof  of  the  interest  displayed  in  the  subject,  then  study  Admiral  Wright’s 
paper  itself  where  he  discusses  or  describes  so  many  new  facilities  being  brought  into  use. 

(See  E.A.  Wright,  “Some  International  Aspects  of  Ship  Model  Research,”  Journal  of  the 
\merican  Society  of  Naval  Engineers,  February  1958.) 

Now  1  said  that  as  an  excuse  really,  because  in  the  light  of  that,  on  behalf  of  the  for¬ 
eign  delegates  here,  may  1  have  the  utmost  pleasure  and  sincerity  in  conveying  to  Admiral 
Wright,  the  Commanding  Officer  and  Director  here  at  TMB,  and  to  those  of  his  staff  upon  whom 
the  burden  of  organization  has  fallen  (and  we  all  know  how  good  that  has  boon)  the  gratitude 
and  admiration  of  all  the  foreign  delegates  and  of  the  countries  that  they  represent  for  their 
inspiration  and  efforts  on  our  behalf  and  not  to  forget  the  excellence  of  the  social  part  of  the' 
program. 

Just  to  wrap  it  up,  perhaps  I  might  be  permitted  to  coin  a  phrase  which  1  rather  feel 
reflects  the  spirit  with  which  this  symposium  has  beer,  sponsored  and  conducted.  It  is  very 
simple:  ‘‘Research  is  a  process  which,  properly  controlled  and  amicably  conducted  without 
relevance  to  creed  or  politics,  brings  lasting  benefit  to  all  and  disrepute  to  none.” 
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ABSTRACT 


In  this  paper  the  author  summarizes  some  model  experiments  and  full-scale 
trials  carried  out  to  determine  the  feasibility  of  the  operation  of  replenishment  in 
deep  water.  The  magnitude  and  sense  of  the  interaction  force  and  moment  on  the 
models  are  plotted  in  relation  to  their  longitudinal  and  lateral  separation,  and 
interpreted  to  establish  the  sequence  of  corrective  rudder  movements,  as  one 
vessel  overtakes  another,  to  maintain  parallel  courses.  The  mean  rudder  angles 
estimated  from  model  experiments  are  correlated  to  those  used  on  ship  trials. 

Although  the  data  obtained  from  these  investigations  is  limited  in  scope, 
some  interesting  inferences  are  drawn  as  to  the  nature  of  the  corrective  action 
to  be  taken  to  avoid  collision  when  two  ships  find  themselves  in  close  proximity 
on  parallel  or  somewhat  converging  courses. 


1.  INTRODUCTION 

The  classic  and  original  work  on  the  reactions  of  vessels  under  way  and  in  close 
proximity  to  one  another  was  the  investigation  carried  out  by  tho  late  Rear  Admiral 
D.W.  Taylor,  USN,  the  results  of  which  he  presented  to  the  Society  of  Naval  Architects 
and  Marine  Engineers  (SNAME)  in  June  1909  in  a  paper  entitled  “Some  Model  Experiments 
on  Suction  of  Vessels.’’1  Whilst  tho  discussion  on  this  paper  was  rather  dissentient,  as 
mieht  be  expected  on  a  subject  not  only  new  and  complex  but  also  not  without  its  legal  aspects 
there  was  general  agreement  on  the  need  for  further  investigations  on  similar  lines. 

It  is  therefore  rather  surprising  that  in  a  brief  survey  of  available  bibliography  on 
interaction  effects  in  ship  maneuvering  the  author  has  uncovered  very  little  work  tc  endorse 
or  supplement  Taylor’s  work,  although  there  is  a  wealth  of  data  on  investigations  into  such 
effects  in  restricted  waters  and  canals.  The  latter  has  arisen,  no  doubt,  from  the  greater 
difficulties  of  navigation  under  these  conditions,  and  yet  when  collisions  in  open  deep  water 
occur,  as  they  still  unfortunately  do  in  spite  of  modern  navigational  aids,  the  question  imme¬ 
diately  arises  as  to  what  part  interaction  effects  may  have  played  in  the  accident.  Notable 
examples  which  have  been  the  subject  matter  of  papers  presented  to  technical  institutions 
include  the  OLYMPIC  and  HAWKE,2  and  the  QUEEN  MARY  and  CURACOA.3  Similarly  some 
“near  misses”  have  been  recorded,  including  that  of  the  cruiser  EURYALUS  anti  destroyer 
WORCESTER,3  and  the  tugboat  SVAVA  and  suction  dredge  ROLF.3  The  latter  case  is 
significant  in  that  it  emphasized  the  fact  that  in  confinod  waters,  although  collision  mav  be 
avoided,  the  event  may  result  in  one  of  the  vessels  grounding  or  ramming  another  vessel  or 
pier  in  the  vicinity. 


^References  are  listed  on  page  20. 
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A  most  notable  theoretical  contribution  on  the  subject  is  described  in  an  excellent 
thesis  by  Silverstein4  in  which  solutions  are  shown  to  be  possible  for  mathematically  shaped 
submerged  bodies  on  the  usual  assumptions  of  a  perfect  fluid  and  linearization  of  the  boundary 
conditions  of  the  surfaces  of  the  models.  Thp  interesting  fact  emerging  from  this  theoretical 
study  and  that  of  Havelock,5  is  that,  in  spite  of  the  limitations  imposed  by  such  assumptions, 
the  theoretical  curves  derived  for  the  interaction  forces  and  couples  are  remarkably  similar  in 
character  to  those  obtained  by  Taylor  and  in  the  experiments  described  in  this  present  paper. 

It  is,  however,  with  some  diffidence  that  the  author  presents  the  results  of  experiments 
carried  out  between  1946  and  1948  at  Admiralty  Experiment  Works  (AEW),  Haslar,  where  the 
library  of  publications  by  other  authorities  is  by  no  means  complete.  Consequently  he  is 
conscious  of  the  fact  that  the  Haslar  experiments  may  have  been  outmoded  by  more  modern  ones, 
in  which  case  he  can  only  express  the  hope  that  the  results  presented  may  endorse  those 
obtained  by  other  establishments. 

The  investigations  at  AEW  were  inspired  by  a  military  requirement,  in  this  case  the 
replenishment  of  warships  with  fuel  from  tankers,  a  procedure  which  is  now  regarded  as 
commonplace  and  accompanied  by  little  risk,  once  the  vessels  have  taken  up  station  close 
aboard.  It  is  the  process  of  taking  up  or  breaking  away  from  the  abeam,  or  “fueling”  position, 
that  presents  navigational  risks  and  which  this  paper  attempts  to  illustrate. 

Two  series  of  model  experiments  were  carried  out,  the  first  with  constrained  models, 
ono  of  the  battleship  H.M.S.  KING  GEORGE  V  and  the  other  of  the  R.F.A.  OLNA,  to  measure 
the  forces  and  turning  moments  on  each.  In  the  second  series  the  same  models  were  freely 
p-opelled  and  controlled  from  the  experiment  carriage  to  study  their  behavior  as  one  overtook 
and  broke  away  from  the  other,  and  to  record  the  rudder  movements  of  each. 

In  addition,  trials  at  sea  were  carried  jut  to  determine  the  ability  of  different  classes  of 
warships  to  take  station  abreast  of  a  replenishment  ship  of  similar  size  and  form  to  the  OLNA. 

Before  describing  these  experiments  and  trials,  a  brief  explanation  of  the  cause  of 
interaction  between  ships  in  close  proximity  would  seem  to  be  indicated.  Figure  1  shows  the 
general  character  of  the  pressure  field  in  the  vicinity  of  a  ship  moving  in  open  water  due  to 
the  velocity  distribution  around  the  hull.  Pressure  changes  of  measurable  amount  occur  at 
considerable  distance  from  the  hull.  Any  interference  which  modifies  the  pressure  field 
necessarily  has  its  reaction  on  the  forces  acting  on  the  ship  in  greater  or  less  measure. 

A  well-known  example  is  the  change  of  sinkage  and  trim  which  a  ship  experiences  in  moving 
into  shallow  water.  The  change  in  the  pressure  field  of  the  ship  is  accompanied  by  a  change 
in  buoyancy  distribution  which  is  manifested  by  a  change  in  sinkage  and  trim. 

Similarly,  wuen  two  ships  pass  close  by  on  parallel  courses  the  pressure  fields  mix  and 
the  effect  is  to  produce  an  unbalanced  force  and  couple  cn  each  ship  which  must  bo  counter¬ 
acted  by  the  rudder  for  each  to  maintain  course  or  avoid  collision.  The  magnitudes  of  the 
forces  and  couples,  and  their  sense,  varies  according  to  the  relative  size  and  form  of  the  ships, 
their  relative  headings,  influence  of  propellers,  and  depth  of  water.  The  ability  of  either  ship 


to  take  corrective  action  depends  also  upon  her  maneuvering  qualities  and,  in  particular, 
obviously  her  response  to  rudder.  Overall,  the  subject  is  complicated  by  the  state  of  sea 
and  wind. 
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Figure  !  —  Pressure  Field  Created  by  a  Qhip  in  Open  Water 

It  is  necessary  to  emphasize  that  the  contents  of  this  paper  are  mainly  limited  to  the 
effects  on  fine  form  models  or  ships,  of  one  size  relation,  on  parallel  courses  in  deep  water, 
and  in  calm  weather  conditions. 

2.  EXPERIMENTS  WITH  CONSTRAINED  MODELS 

Models  of  the  KING  GEORGE  V,  designated  Ship  A,  and  the  0L\7A,  designated  Ship  B, 
were  made  to  1  50  scale.  Ship  particulars  represented  by  the  models  are  given  in  Table  1. 
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TABLE  1 


Item 

3hip  A 

Ship  B 

Length  ori  W.L.,  ft 

740 

567 

Beam,  ft 

103 

70 

Draft,  ft 

29.3 

30 

Displacement,  tons 

36,890 

23,570 

Block  coefficient 

0.611 

0.714 

Corresponding  depth  of  water 

75  fathoms 

The  models  were  towed  on  parallel  courses  at  different  positions  relative  to  each  other 
longitudinally,  over  a  range  of  corresponding  speeds  from  10  to  20  knots,  and  at  two  separa¬ 
tions,  50  and  100  ft,  beam-to-beam  transversely.  The  models  w'ere  allowed  complete  freedom 
vertically,  and  fitted  with  rudders  set  amidships  but  without  propellers.  One  model  was  towed 
on  the  resistance  dynamometer  on  the  middle  line  of  the  carriage  and  constrained  on  a  straight 
course  by  lateral  force  guiders  (as  normally  used  for  determining  initial  ship  moments  in  rudder 
experiments)  attached  near  each  end  of  the  model.  The  other  model  was  towed  by  a  rigid  con¬ 
nection  on  a  parallel  course  by  guiders  which  prevented  yaw  but  allowed  vertical  freedom. 

This  procedure  was  then  repeated  to  reverse  hand,  measuring  on  the  other  model,  Additional 
experiments  were  made  in  the  abeam  position  for  various  separations  from  25-  to  150-ft 
beam-to-beam.  In  all,  the  series  of  experiments  involved  about  1500  runs. 

The  forces  measured  at  each  lateral  force  guider,  i.e.,  at  each  end  of  the  model,  have 
Leon  converted  to  a  single  force  acting  at  the  “neutral  point’’  positioned  0.2L  from  the  bow 
and  a  couple,  or  turning  moment,  about  this  point.  The  reason  for  this  is  explained  later. 

It  should  be  noted  that  in  Figure  9  of  Reference  6,  the  forces  were  converted  to  the  c.g. 
position.  The  forces  and  turning  moments  thus  determined  are  plotted  nondimensionally  for 
50-ft  and  100-ft  separation  in  Figures  2  and  3,  respectively,  to  a  base  of  longitudinal  separa¬ 
tion  between  the  amidship  points  as  A  overtakes  B  from  600  ft  astern  to  600  ft  ahead. 

Referring  to  the  lateral  force  curves,  as  the  bow  o'  A  begins  to  overlap  the  stern  of  B, 
a  force  of  repulsion  develops  on  each  and  increases  to  a  maximum  when  the  bow  of  A  comes 
abreast  the  midship  point  of  B,  becomes  zero  as  the  bow  of  A  comes  abreast  of  the  bow  of  B, 
and  changes  sign  to  a  force  of  attraction  which  reaches  a  maximum  soon  after  the  ships  come 
abreast.  As  A  begins  to  pass  B,  the  forces  undergo  similar  changes  but  opposite  in  sense. 

The  greatest  force  is  one  of  attraction  arising  from  the  addition  of  the  ships’  suction  fields  as 
they  come  abreast.  Similar  forces  act  on  B,  in  the  same  sense  and  nearly  in  phase  wjth  those 
on  A.  It  is  worth  noting  the  actual  magnitude  of  these  forces  of  attraction  -  about  26  tons  on 
A  and  35  tons  on  B  when  they  are  moving  50  ft  apart  at  10  knots,  and  four  times  as  large  at 
20  knots.  The  forces  are  nearly  halved  when  the  separation  is  doubled  to  100  ft. 
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Figure  2  -  Measured  Interaction  Forces  and  Moments  and  Correcting  Rudder  An^le 


Fiftv-foot  separation  beam-to-beam. 


The  turning-moment  curves  follow  a  similar  oscillatory  trend.  Before  A  begins  to 
overtake  B,  she  experiences  a  small  bow-inward  turning  moment  which  at  first  increases  and 
then  decreases  to  become  zero  just  as  her  bow  comes  abreast  of  the  bow  of  B,  and  then 
changes  to  an  outward  turning  moment  which  reaches  peak  value  just  as  their  sterns  come 
abreast.  From  here  on,  the  outward  turning  moment  decreases  to  zero  as  the  stem  of  A  passes 
the  amidship  point  of  B  and  changes  to  an  inward  moment  which  is  still  quite  appreciable  when 
the  ships  are  quite  clear  of  each  other.  The  turning  moments  on  B  follow  the  same  trend,  but 
lag  behind  those  of  A. 

It  is  shown  later  that  it  is  impossible  to  keep  the  ships’  heads  on  course  as  in  the  model 
experiments  by  applying  correcting  rudder,  and  that  to  achieve  simultaneous  balance  of  inter¬ 
action  force  and  couple,  the  ships  must  yaw  slightly. 

The  results  of  the  experiments  at  various  separations  between  25  and  150  ft  for  the 
abeam  position  only  are  given  in  Figure  4. 


Figure  4  —  Variation  of  Interaction  Forces -and  Moments  with  Transverse  Separation 
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Realization  that  these  constrained  model  tests,  whilst  providing  good  indication  of 
interaction  during  approach  and  breakaway,  should  be  accepted  with  some  reserve  since  the 
results  apply  strictly  to  ships  at  equal  speed  on  parallel  courses,  led  to  the  second  series  of 
tests  with  identical  but  freely  propelled  and  remotely  controlled  models. 


3.  EXPERIMENTS  WITH  SELF-PROPELLED  MODELS 


The  two  models  were  controlled  by  the  well-known  “fishing  line”  technique  which  is 
illustrated  diagrammatically  in  Figure  5  and  needs  nodetailed  explanation. 


Figure  5  —  Diagrammatic  Arrangement  of  Self-Propelled  Model  Experiments 


The  models  were  complete  with  true-to-scale  propellers  and  rudders.  The  propellers 
were  driven  by  motors  in  the  models,  the  speed  of  the  motors  being  controlled  by  rheostats 
on  the  experiment  carriage.  The  rudders  were  actuated  by  M-motors  controlled  from  the 
carriage,  and  the  controls  were  so  arranged  that  the  maximum  speed  of  putting  the  rudder  over 
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was  approximately  true  to  scale  for  the  ships.  The  motion  of  the  controls  for  the  Nl-motors 
was  recorded  on  drums  on  the  experiment  carriage,  thus  giving  a  continuous  autographic  re¬ 
cord  of  the  rudder  angles  used  during  the  various  maneuvers  tested.  The  experiment  carriage 
was  run  down  the  tank  at  various  uniform  speeds  corresponding  to  from  10  to  20  knots,  and 
Model  B  was  maintained  in  constant  relation  to  the  carriage  by  appropriate  application  of  the 
controls  of  the  propelling  motors  and  rudders.  Course  and  speed  of  Model  A  were  obtained  by 
visual  observation  of  the  relative  longitudinal  position  of  the  two  models  and  the  transverse 
position  by  sighting  from  the  carriage.  The  longitudinal  position  was  recorded  on  the  same 
drum  as  the  rudder  records  by  an  observer  following  the  models  down  the  walking  way  of  the 
tank  and  closing  a  bell  push  switch  as  Model  A  passed  various  sighting  marks  on  a  graduated 
batten  carried  on  Model  B. 

The  following  maneuvers  were  investigated  for  approach,  “fueling,”  and  breakaway, 
for  transverse  separations  when  fueling  at  50  ft  and  100  ft. 

a.  A  overtaking  B  from  stern  to  bow  on  a  straight  course. 

b.  A  approaching  B  fine-on-the-quarter  and  taking  up  fueling  position  close  aboard. 

c.  A  breaking  away  from  the ‘dose-aboard  position  on  a  divergent  course  and  maintaining 
speed. 

d.  A  on  a  parallel  course  well  away  from  B,  easing  in  to  close  aboard. 

e.  Runs  with  tho  models  maintained  in  various  relative  positions  as  in  the  constrained 
model  experiments. 

When  in  the  fueling  position  there  was  no  perceptible  yaw  in  either  ship,  confirming 
deductions  from  the  constrained  experiments  that  the  angle  of  yaw  necessary  in  association 
with  the  rudder  to  balance  the  interaction  forces  and  moments  would  be  very  small. 
Considerable  movement  of  the  rudder  about  its  mean  position  was  required,  however,  although 
the  extreme  angles  wore  well  within  the  maximum  angle  of  35  deg. 

Considering  the  relatively  short  length  of  run  available  in  the  confines  of  the  tank,  and 
tho  fact  that  the  rudder  operators  had  only  1/7  the  time  in  which  to  anticipate  and  correct 
yaw  compared  with  tho  helmsman  in  the  full-scale  ship  (the  models  were  made  to  1/50  scale 
to  minimize  tank  wall  interference),  the  large  fluctuations  in  rudder  movement  were  not 
surprising. 

In  spite  of  these  difficulties,  however,  the  feasibility  of  the  operations  (a)  to  (d)  was 
demonstrated  conclusively  and  it  was  decided  to  carry  out  full-scale  trials  of  the  same  type. 

4.  SEA  TRIALS 

The  ships  engaged  in  these  trials  were  the  replenishment  ship  BULAWAYO,  battleship 
DUKE  OF  YORK,  aircraft  carrier  ILLUSTRIOUS,  cruiser  SUPERB,  and  destroyer  DUNKIRK. 
For  the  purpose  of  this  paper,  we  are  particularly  interested  in  the  interaction  effects  between 
BULAWAYO  and  DUKE  OF  YORK,  but  some  observations  pertaining  to  the  other  ships  and 
relevant  to  the  subject  under  review  are  included. 
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Each  warship  in  turn  was  to  approach  the  replenishment  ship  by  the  astern  method 
(overtaking  on  a  close  parallel  course),  by  the  abeam  method  (overtaking  on  a  parallel  course 
far  out  until  abeam  and  then  closing  in  whilst  maintaining  station  abeam),  and  fine  on  the 
quarter  (overtaking  from  far  out  on  a  convergent  course).  After  maintaining  station  abeam  for 
about  20  minutes  at  speeds  of  12,  15,  18,  and  20  knots,  the  warship  was  to  break  away  either 
by  reducing  speed  and  dropping  astern  on  the  same  course  or  by  turning  away  on  a  divergent 
course  whilst  maintaining  or  reducing  speed. 

In  each  ship  the  rudder  angle  was  recorded  autographic  ally  and  the  compass  bearing, 
distance  apart,  rpm,  and  speed  by  log  noted  at  regular  intervals.  The  depth  of  water  in  the 
trials  area  averaged  30  fathoms,  and  the  weather  and  sea  conditions  were  generally  moderate. 

The  trials  led  to  the  following  general  conclusions: 

a.  Approach  from  abeam  is  the  safest  method  and  has  the  advantage  over  approach  from 
astern  or  fine-on-the-quarter  that  speed  can  be  adjusted  on  the  parallel  course  far  out,  so  that, 
when  the  ships  close,  there  is  no  tendency  for  the  approaching  ship  to  surge  ahead  or  astern 
of  the  abeam  position.  The  last  two  methods  are,  however,  more  expeditious  and  would  be 
advantageous  in  small  warships  which  are  more  maneuverable  and  can  change  speed  more 
quickly  than  large  ships.  Approach  fine-on-the-quarter  is  considered  preferable  to  that  from 
astern,  in  view  of  the  rapid  changes  in  the  directions  of  the  interaction  forces  with  fore-and- 
aft  position. 

b.  The  best  method  of  breaking  away  is  by  turning  off  on  a  divergent  course,  either 
maintaining  or  reducing  speed.  Breaking  away  by  reducing  speed  and  falling  astern  on  a  close 
parallel  course  would  be  practicable  only  in  a  smaller  more  maneuverable  warship,  but  even 

in  this  case  has  no  obvious  advantage. 

c.  Approach  and  breakaway  maneuvers  and  maintenance  of  the  close-aboard  positions  can 
be  carried  out  with  equal  facility  between  12  and  20  knots  in  moderate  weather  conditions. 

In  rougher  weather,  the  trials  with  BULAWAYO  and  SUPERB  indicated  that  a  wide  fluctuation 
in  angles  of  rudder  carried  by  the  ships  is  to  be  expected.  Thus,  although  the  mean  angles 
carried  would  be  small,  the  amplitude  of  variation  necessary  to  maintain  course  (particularly 
with  wind  and  sea  on  the  quarter)  would  prevent  the  use  of  the  higher  speeds  in  this  range. 

d.  It  was  not  possible  reliably  to  assess  the  effect  of  the  interaction  on  the  speed  of  the 
ship,  but  only  in  the  case  of  the  destroyer  was  there  any  appreciable  variation  with  change  of 
separation,  the  destroyer  tending  to  drop  astern  as  the  distance  closed,  and  vice  versa.  The 
records  of  propeller  revolutions,  however,  showed  that  the  smaller  of  the  ships  engaged,  in 
general,  carries  less  revolutions  than  necessary  for  the  nominal  speed,  suggesting  that  it  is 
receiving  assistance  from  the  wake  of  the  larger  ship. 

Comparison  with  the  model  experiments  is  possible  only  in  the  case  of  the  DUKE  OF 
YORK  and  BULAWAYO.  The  DUKE  OF  YORK  was  a  sister  ship  of  KING  GEORGE  V 
(Ship  A)  and  BULAWAYO  (580  ft  by  72.5  ft  by  25  ft  by  20,000  tons)  was  of  similar  size  and 
form  to  the  OLNA  (Ship  B).  The  comparison  is  also  limited  to  the  correcting  rudder  required 
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by  both  ships  in  the  abeam  position,  as  the  DUKE  OF  YORK  used  the  abeam  approach  as 
opposed  to  the  astern  approach  simulated  by  the  model  tests.  A  summary  of  the  four  runs 
cfiirried  out  is  given  in  Table  2. 


TABLE  2 


Run 

1 

2 

3 

4 

Mean  separation,  beam 

1 

to  beam,  ft 

125 

110 

105 

115 

m 

B 

m 

B 

■a 

B 

■ 

Speed  deduced  from 

PH 

PH 

■H 

as 

Si 

rpm,  knots 

12.3 

1 

15.5 

1 

18.2 

1 

m 

1 

Min. 

0.0 

9.0 

■ 

7.5 

0.0 

4.5 

| 

1.0 

Inboard  rudder  ^gan 

5.0 

13.0 

12.0 

6.5 

10.0 

in 

8.0 

ang|e>  de8  Max. 

13.5 

17.5 

16.5 

15.5 

14.0 

H 

14.5 

Rudder  angles  deduced 

1 

M 

■H 

from  model  expert- 

4.5 

8.0 

B9 

5.5 

5.0 

8.5 

ments,  deg 

H 

■ 

LI 

The  minimum  and  maximum  rudder  angles  quoted  for  the  ships  are  the  average  figures 
neglecting  abnormal  values.  The  rudder  angles  for  the  models  were  deduced  from  the  con¬ 
strained  model  experiments  as  described  in  Section  5.  As  the  table  shows,  correlation 
between  mean  rudder  angles  estimated  from  the  model  experiments  and  those  used  by  the  ships 
is  quite  close.  Typical  records  of  rudder  angle  used  by  noth  ships  when  proceeding  close 
aboard  are  given  in  Figure  6,  and  these  bear  out  the  wide  variation  in  correcting  rudder  found 
necessary  with  the  self-propelled  models,  although  those  on  the  ship  were  not  so  large  or 
erratic,  for  the  reasons  previously  stated.  It  will  be  appreciated  that  since  these  early  sea 
trials  were  carried  out,  the  technique  of  controlling  ships  close  aboard  has  improved  greatly 
and  nowadays  the  variation  in  angle  of  rudder  used  is  quite  small. 

It  is  interesting  to  record  some  other  observations  during  these  trials  with 
DUKE  OF  \ORK  and  BULAWAYO  which  are  pertinent  to  the  subject  under  discussion. 

(i  )  Although  the  battleship  approached  the  replenishment  ship  by 
the  abeam  method  only,  BULAWAYO  reported  a  noticeable 
effect  on  steering,  even  at  the  lower  speeds,  as  the  bow  of 
the  DUKE  OF  YORK  passed  the  stern  of  BULAWAYO 
several  hundred  feet  away. 

(ii  )  The  propeller  revolutions  of  BULAWAYO  were  quite  steady 
during  each  run  at  the  values  appropriate  to  the  nominal 
speed  of  the  run.  Those  of  DUKE  OF  YORK  also  were 
steady,  but  generally  corresponded  to  slightly  higher  speeds 
than  the  nominal  speed. 


12 


Figure  6  —  Typical  Rudder  Records  during  Ship  Trials;  Close  Aboard  Position 


(iii)  The  transverse  distances  between  ships  varied  during  each  run, 

sometimes  appreciably.  The  closest  approach  occurred  during 
a  20-knot  run  when  the  distance  closed  to  55  ft.  BULAWAYO 
then  sheered  off  course  away  from  DUKE  OF  YORK  at  about 
4  deg,  but  within  a  minute  the  distance  was  increased  to 
120  ft  and  the  course  restored. 

(iv)  The  ships  maintained  station  with  little  fore-and-aft  variation 

at  all  speeds. 

(v  )  The  mean  angles  of  inboard  rudder  carried  by  BULAWAYO 
decreased  as  the  speed  increased,  from  13  deg  inboard  at 
12  knots  to  8  deg  inboard  at  20  knots.  The  mean  angles  of 
rudder  carried  by  DUKE  OF  YORK,  however,  were  approxi¬ 
mately  constant,  namely  6  deg  inboard,  at  all  speeds.  On 
two  occasions,  the  angles  of  rudder  carried  by  BULAWAYO 
increased  momentarily  considerably  beyond  the  average 
maximum  values  given  in  Table  1;  viz.,  to  23  deg  and  24  deg 
during  the  12-  and  20-knot  runs  when  the  ships  closed  to 
60  ft  and  55  ft,  respectively,  at  these  speeds.  The  rudder 
angle  records  of  DUKE  OF  YORK  do  not  show  any  corre¬ 
sponding  abnormal  increase  at  12  knots,  but  at  20  knots  the 
angle  was  increased  momentarily  to  21  deg. 

(vi)  Although  the  arrangements  for  measuring  relative  yaw  between  the 
ships  in  the  abeam  position  were  not  very  satisfactory,  iL  was 
clear  that  each  ship  carried  a  bow-outward  yaw  of  small 
magnitude,  thus  again  bearing  out  the  conclusion  reached  from 
the  constrained  model  experiments. 


5.  INTERPRETATION  OF  DATA 

In  the  first  place,  it  is  necessary  to  explain  the  method  of  presentation  of  the  force 
and  moment  curves  in  Figures  2  and  3.  As  already  noted,  for  each  position  of  one  model 
relative  to  the  other,  two  forces  on  each  were  measured,  at  the  positions  of  the  guides;  i.e., 
Fj  and  F 2  in  Figure  7.  These  two  forces  can  be  represented  by  a  single  force  F j  -  F t  +  F 2 
and  a  couple  the  magnitude  of  which  depends  upon  the  position  about  which  moments  are 
taken.  It  is  convenient  to  choose  a  position  for  F j  conciding  with  this  position  and  which  is 
related  to  the  action  of  the  corrective  rudder  which  must  be  appliod  to  keep  the  ship  on  course 
and  which  is  also  associated  with  the  force  and  couple  set  up  as  a  result  of  any  small  yaw 
which  the  ship  may  take  up.  Such  a  point  is  the  “neutral  point”  N  at  which,  neglecting 
transient  effects,  any  lateral  force  applied  will  not  cause  a  change  in  heading  although  it 
will  cause  a  change  of  course.  The  neutral  point  has  been  shown  by  experiments  at  AEW 
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Figure  7  —  Forces  and  Couples 
Hue  to  Interaction 


and  from  data  given  by  Rydill7  to  lie  well  forward  of  the  center  of  gravity,  and  has  been  taken 
at  1/5  the  length  of  ship  from  the  bow.  The  position  of  the  neutral  point  is  assumed  constant 
for  small  angles  of  yaw  but  varies  with  the  type  of  ship.  It  should  be  pointed  out,  however, 
that  if  a  different  position  were  chosen  for  this  neutral  point,  say  0.25  to  0.15L  from  the  bow, 
this  would  make  no  difference  in  principle  to  the  discussion  on  use  of  corrective  rudder  which 
follows  later. 

Referring  to  Figure  7,  it  will  be  seen  that  if  no  corrective  rudder  action  is  applied  the 
interaction  momont  will  cause  the  ship  to  yaw  outwards,  bringing  its  stern  towards  the  other 
ship.  As  the  ship  yaws,  a  hydrodynamic  force  duo  to  it  will  come  into  action  at  the  point  N, 
as  shown  in  Figure  8.  If,  now,  correcting  rudder  is  applied  as  shown,  this  will  counteract  the 
interaction  moment  and  bring  the  ship  back  to  a  position  of  equilibrium  at  a  small  angle  of  yaw 
to  the  direction  of  advance.  In  this  position,  assuming  a  steady-state  motion,  we  have  for 
equilibrium: 


fr  +  fy  =  F,  [1] 

F R  x  \L  =  Mj  [2] 

where  \L  is  the  distance  of  the  center  of  pressure  of  the  rudder  from  the  neutral  point. 

It  will  be  appreciated  that  the  above  simplified  analysis  involves  other  assumptions 
than  those  already  quoted,  the  more  important  being: 

a.  The  system  may  be  treated  as  one  of  steady  motion. 

b.  The  interaction  forces  and  moments  are  unaffected  by  the  action  of  the  propellers. 
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Figure  8  —  Forces  and  Couple  Due  to 
Interaction;  Rudder  and  Yaw 


DIRECTION  OF  ADVANCE 


HEADING 


c.  The  interaction  forces  and  moments  are  unaffected  by  the  small  drift  angle  taken  up 
by  each  ship  or  by  the  movement  of  the  rudder. 

\ssuming  the  validity  of  Equations  [1]  and  [2],  it  is  seen  that,  although  the  moment  of 
the  force  from  the  rudder  can  counteract  the  interaction  moment,  there  may  be  occasions  when 
the  rudder  force  will  be  insufficient  to  balance  the  interaction  force  unless  the  ship  yaws 
slightly  to  produce  a  lateral  force  opposing  the  interaction  force. 

For  moderate  rudder  angles  the  transverse  force  produced  by  the  rudder  can  be  expressed 
as 


Fr  =  0.03  AV20 

where  A  is  the  rudder  area  in  square  feet, 

V  is  the  ship  speed  in  feet  per  second,  and 
0  is  the  rudder  angle  in  degrees. 

Substituting  for  F R  in  Equation  [2]  gives  the  relation 

0  - - 

0.03 \AV2L 
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and  for  Ship  A 


6  =  74,300 


[4] 


Ship  B 


_*/ _ 

p/2  V2L3 


6  =  50,400 


_ 

p/2  V2L3 


[5] 


Using  the  moment  curves,  the  values  of  correcting  rudder  6  have  been  calculated  from 
these  formulas  and  are  plotted  in  Figures  2  and  3.  The  direction  of  the  correcting  rudder 
required  is  shown  in  the  small  diagrammatic  drawings  in  Figures  2  and  3. 

It  is  then  found,  however,  that  the  rudder  force  estimated  from  Equation  [2]  is  not 
always  large  enough  to  balance  the  interaction  force,  and  to  effect  a  complete  balance  each 
ship  must  yaw  slightly  to  produce  an  opposing  interaction  force.  For  instance,  when  the  ships 
are  abeam  there  is  a  force  of  attraction  between  them  and  couples  tending  to  swing  their  bows 
apart  (as  Figure  7  and  position  4  in  Figures  2  and  3).  The  rudders  will  therefore  be  required 
to  be  turned  inward,  but  the  ships  will  settle  down  at  a  small  outward  angle  of  yaw  (as  Figure 
8).  The  yaw  angles  for  both  ships  have  been  estimated  approximately,  using  the  results  of 
some  recent  experiments  at  AEW  in  which  lateral  forces  and  moments  were  measured  at 
different  speeds  and  angles  of  yaw  on  a  mathematically  shaped  model.  The  results  are 
tabulated  in  Table  3,  for  a  speed  of  10  knots  at  100-ft  separation. 


TABLE  3 


llem 

Ship  A 

Ship  B 

Interaction  Force  Ft ,  tons 

78 

Rudder  Angle  Q,  deg 

9.3 

Rudder  Force  FR,  tons 

36 

Yaw  Force  Fy  =  F.  -  FR,  tons 

I 

42 

Yaw  Angle  (estimated),  deg 

n 

1.5 

The  above  figures  are  necessarily  approximate,  but  they  serve  to  indicate  that,  in  spite 
of  the  large  forces  involved,  both  rudder  angle  and  vaw  angle  are  small,  provided  the  ships  are 
not  allowed  to  approach  one  another  too  closely. 

Referring  to  the  small  diagrammatic  figures  in  Figures  2  and  3,  it  will  be  seen,  however, 
that  there  are  positions  when  both  the  interaction  force  and  couple  are  tending  to  draw  one  ship 
into  the  other.  Such  positions  are  three  for  Ship  A  and  five  for  Ship  B.  If  now  correcting 
rudder  is  applied  to  counterbalance  the  interaction  moment,  the  rudder  force  adds  further  to  the 
force  of  attraction.  In  these  positions  it  is  necessary  to  apply  sufficient  outboard  rudder  to 
overbalance  the  interaction  moment  and  produco  an  outward  yaw  so  that  a  yaw  force  is  again 
introduced  which  will  counteract  both  the  interaction  force  and  the  rudder  force.  Those  con¬ 
ditions  persist,  of  course,  over  an  appreciable  length  of  travel  and  are  not.  moroly  momentary. 
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During  this  transient  period,  although  the  ships  may  be  drawn  closer  together  transversely 
initially  if  the  rudder  applied  is  sufficient  to  produce  a  largo  enough  yaw  force,  then  the  ships 
should  avoid  collision  provided  always,  of  course,  that  the  initial  transverse  separation  is  not 
so  small  that  the  available  rudder  cannot  correct  the  inward  swing  caused  by  the  interaction 
couple. 

It  will  be  seen  that  these  positions  three  and  five  are  quite  close  to  the  fully  abeam 
position  when  opposite  rudder  has  to  be  applied  to  keep  the  ships  on  course.  In  a  short  space 
of  time,  therefore,  the  rudder  has  to  be  swung  from  outboard  to  inboard,  and  the  moment  when 
this  has  to  be  done  is  ohviously  not  easy  to  choose  so  that  in  these  positions  there  is  con¬ 
siderable  navigational  difficulty  and  risk. 

If,  when  approaching  positions  three  and  five,  the  lateral  separation  of  the  ships  is  so 
small  that  there  is  insufficient  rudder  available  to  counteract  the  interaction  moment  or 
insufficient  time  for  it  to  take  effect,  it  would  seem  that  a  collision  is  unavoidable  except 
that  any  reduction  of  speed  on  the  part  of  the  astern  vessel,  thereby  reducing  the  interaction 
effects,  must  reduce  the  risk.  In  brief,  the  onus  for  avoiding  action  would  appear  to  rest 
upon  the  astern  ship,  except  that  the  ahead  ship  can  probably  ease  the  situation  hy  breaking 
away  on  a  divergent  course. 

In  the  absence  of  similar  investigations  into  thu  case  of  ships  passing  in  opposite 
directions,  one  can  only  conjecture  as  to  the  degree  of  risk.  From  first  principles  the  same 
type  of  interaction  occurs  but  the  interaction  forces  act  for  a  shorter  time  and  are  therefore 
less  likely  to  bring  about  a  collision. 

The  case  of  two  ships  which  find  themselves  close  and  traveling  in  the  same  general 
direction  on  converging  courses  would  likewise  require  separate  and  more  complex  investiga¬ 
tion,  and  yet  some  guidance,  if  not  comfort,  can  be  derived  from  the  experiments  with  self- 
propelled  models  and  sea  trials  described  previously.  The  safest  action  in  such  a  case  would 
seem  to  be  for  both  ships  to  reduce  speed  as  much  as  possible  and  lessen  the  convergence 
rather  than  that  they  should  maintain  course  or  that  either  should  try  to  increase  the  conver¬ 
gence  and  cross  the  path  of  the  other.  This  was  clearly  demonstrated  by  the  model  experi¬ 
ments  described  in  Robb's  paper.3  Although  such  action  would  constitute  a  departure  from  the 
international  regulations  for  navigation  at  sea,  it  is  permissible  under  these  regulations  when 
collision  appears  probable. 

These  observations  assume  calm  weath  r  conditions.  In  inclement  weather,  as  indicated 
by  the  sea  trials  carried  out  with  a  cruiser  and  replenishment  ship,  the  risks  involved  would  be 
increased.  The  larger  variation  in  rudder  angle  alone  must  make  control  more  difficult  and  the 
direction  of  wind  and  sea  probably  more  so.  | 

6.  CONCLUDING  REMARKS 

As  already  intimated  in  the  introduction  to  this  paper,  the  discussion  which  followed 
Taylor’s  paper  in  1909  introduced  some  fallacious  arguments  which  have  since  been  reiterated. 
For  instance,  one  speaker,  basing  his  remarks  on  experience  on  the  Great  Lakes,  was  convinced 
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that  the  propeller  is  the  most  potent  of  all  the  factors  causing  interaction  effects.  A.  few 
comments  on  this  particular  aspect,  in  the  light  of  the  results  of  the  investigations  under 
review,  would  not  be  out  of  place. 

When  a  propeller  is  working,  it  modifies  the  pressure  field  around  it  and  must  therefore 
influence  interaction  effects  t9  some  extent.  Measurements  of  pressure  in  the  region  of  the 
propeller,  however,  show  that  the  pressure  changes  due  to  it  fall  off  rapidly  with  distance  and 
would  not,  therefore,  significantly  affect  interaction.  It  is  notable  that  a  propeller  only  1  in. 
off  the  false  bottom  in  the  No.  2  Ship  Tank  at  AEW  gives  the  same  thrust  ar.d  torque  as  in 
deep  water.  As  another  indication  of  the  smallness  of  propeller  effect,  the  augment  of 
resistance  which  is  due  to  suction  ahead  of  the  propeller  seldom  exceeds  about  15  percent  of 
the  resistance,  so  that  the  unbalanced  component  arising  from  this  suction  when  modified  by 
a  ship  in  the  vicinity  would  be  expected  to  be  almost  negligibly  small. 

Doubts  have  also  been  cast  as  to  the  significance  of  interaction  effects  in  deep  water, 
as  opposed  to  shallow  water.  For  instance,  in  Reference  3,  one  contributor  to  the  discussion 
stated  that  “the  practical  seaman  regards  interaction  in  deep  water  as  an  interesting  legal 
argument  which  is  not  borne  out  in  practical  experience.”  This  statement  was  made  in  spite 
of  its  being  clearly  demonstrated  by  the  remote-controlled  model  experiments  reported  in  that 
paper  that  interaction  effects  can  have  the  most  serious  consequences.  The  experiments 
referred  to,  however,  gave  no  indication  of  the  general  nature  and  magnitude  of  interaction 
forces  and  moments.  It  is  felt  that  the  results  of  the  model  and  full-scale  tests  now  reported 
should  leave  no  doubt  as  to  the  significance  in  magnitude  and  varying  nature  of  the  interaction 
effects,  nor  as  to  their  influence  in  case3  of  collision  which  have  occurred  and  may  occur 
again. 

It  is  abundantly  clear  from  the  results  that  the  magnitudes  of  the  force  and  couple  on 
each  ship  vary  approximately  as  the  speed  squared,  approximately  inversely  as  beam-to-beam  transverse 
separation,  and  oscillate  in  sense  with  longitudinal  separation.  These  forces  and  moments 
begin  to  operate  from  before  the  time  when  the  ships  begin  tc  pass  until  some  time  after  they 
have  passed.  In  the  course  of  passing,  the  forces  and  moments  undergo  changes  in  magnitude 
and  sense  that  can,  generally  speaking,  be  counteracted  by  rudder  action,  provided  the  ships 
are  not  so  close  that  there  is  insufficient  rudder  angle  available  to  do  this,  and  that  there  is 
time  for  the  rudder  to  take  effect. 

Broadly  speaking,  if  two  ships  find  themselves  on  close  and  more  or  less  parallel 
courses  for  any  reason,  such  as  poor  visibility,  the  sequence  in  corrective  rudder  angle 
required  by  both  ships  appears  to  be  outward  to  inward  to  outward  as  one  begins  to  overhaul, 
comer  abreast  of,  and  then  overtakes  the  other,  respectively. 

Perhaps  the  most  important  aspect  of  the  investigation  is  that  during  this  process  there 
are  two  positions  of  one  ship  relative  to  the  other  in  which  application  of  rudder  to  prevent  her 
swinging  across  the  course  of  the  other  adds  to  the  force  of  attraction.  In  the  case  of  the  two 
ships  considered  in  this  report,  one  considerably  larger  and  longer  than  the  other,  this  occurs 
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in  the  longer  ship  when  her  amidships  point  is  in  the  range  1/3  to  1/6  of  her  length  astern  of 
the  amidships  point  of  the  shorter  ship.  Similarly,  in  the  case  of  the  shorter  ship  the  condition 
arises  when  her  amidships  point  is  in  the  range  1/3  to  2/3  of  her  length  astern  of  the  amidships 
point  of  the  longer  ship.  The  situation  is,  in  fact,  more  serious  for  the  smaller  ship,  as  would 
be  expected. 

Whilst  the  results  reported  cannot  be  applied  to  the  general  case  of  ships  of  widely 
differing  size  and  form,  nor  to  the  effect  of  inclement  sea  conditions,  it  can  be  claimed  that 
they  indicate  that  model  experiments  can  at  least  establish  guiding  principles  in  this  complex 
subject. 

The  new  and  larger  facilities  now  becoming  available,  with  their  equipment  for  wave 
generation  and  modern  techniques,  present  an  opportunity  of  widening  the  scope  of  such 
investigations  into  interaction  effects  which  should  not  be  missed.  The  subject  can  be 
regarded  as  a  special  branch  of  the  general  subject  of  maneuverability,  and  since  it  is  of 
international  interest  we  may  perhaps  look  forward  to  its  being  included,  at  some  future  date, 
in  the  deliberations  of  the  Maneuvering  Committee  which  is  being  set  up  by  the  International 
Towing  Tank  Conference  in  September  this  year. 
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C.  G.  Moody: 


DISCUSSIONS 


Mr.  Newton’s  paper  is  particularly  welcome  at  the  Taylor  Model  Basin  where  studies 
on  the  subject  of  interaction  effects  between  ships  during  replenishment-at-sea  operations 
arc  currently  being  conducted. 

The  technique  employed  in  the  Taylor  Model  Basin  tests  is  essentially  the  same  as 
that  described  in  the  paper— the  principal  difference  being  that  at  Ilas’ar  one  model  is  spot¬ 
ted  in  successive  positions  along  its  course  while  the  forces  and  moments  are  measured, 
whereas  at  the  Taylor  Model  Basin  the  usual  procedure  is  to  run  one  model  slowly  past  the 
other  while  the  forces  and  moments  acting  on  the  models  arc  recorded  continuously.  An  ad¬ 
vantage  of  the  latter  method  is  that  some  irragularities  in  the  foree-and-moment  curves  arc 
brought  out  which  might  otherwise  escape  notice.  These  irregularities  are  largely  due  to 
wave  effects.  They  are  negligible  in  some  instances  but  very  pronounced  in  others. 

Where  the  wave  trains  of  the  two  vessels  are  superimposed  along  the  side  of  one  hull, 
there  are  appreciable  pressure  effects,  which  in  some  instances  are  augmented  by  the  reflec¬ 
tion  of  the  bow  wave  of  one  vessel  from  the  side  of  the  other.  It  may  be  of  interest,  to  note 
in  this  connection  that  at  high  speeds,  long  wave  hollows  may  be  superimposed  upon  the  re¬ 
duced  pressure,  or  ,!suction,”  field  of  one  vessel  at  a  considerable  distance  away  from  the 
other.  Under  such  conditions  the  wave  crests  arc  likely  to  be  especially  steep  and  sharp,  so 
that  a  small  vessel  may  even  broach-to  in  them  and  sheer  in  toward  the  other  ship. 

In  the  Taylor  Model  Basin  tests,  the  relative  motion  of  the  models  can  be  stopped  or 
reversed,  and  the  effect  of  different  relative  speeds  can  be  investigated.  The  relative  speed 
of  approach  or  departure  is  a  consideration  of  particular  interest  in  the  replenishment  of 
small,  fast,  full-bodied  vessels. 

The  Taylor  Model  Basin  replenishment-at-sen  tests  have  generally  been  run  with  the 
models  self-'ropelled  to  represent  the  effect  of  the  propeller  slipstream  on  the  rudder.  The 
idea  persists  that  the  propeller  has  a  significant  effect  upon  the  interaction  of  ships,  and 
was  brought  up  recently  in  connection  with  the  operation  of  ships  in  the  St.  Lawrence 
Waterway.*  There  is  some  truth  in  it  in  the  case  of  a  ship  in  confined  water.  When  a  large 
bulk  cargo  vessel  is  proceeding  under  its  own  momentum  along  one  bank  of  a  canal  with  the 
rudder  amidship,  the  effect  of  starting  the  propeller  is  to  inerense  the  velocity  of  the  flow 
around  the  stern.  On  the  side  of  the  hull  adjacent  to  the  wall  where  the  water  is  confined  in 
a  small  space,  the  cross-section  area  of  the  flow  is  restricted  and  the  velocity  of  the  flow  is 
increased.  Vessels  of  this  type  generally  have  very  full  water  lines  aft,  which  deflect  this 
flow  away  from  the  wall  and  thus  produce  a  steering  effect.  In  conjunction  with  the  Venturi 
effect,  this  produces  hydrodynamic  force  that  tends  to  draw  the  stern  in  toward  the  bank. 
Nevertheless,  where  a  rudder  in  the  propeller  slipstream  is  used  to  correct  this  tendency,  the 
net  effect  of  the  propeller  action  is  usually  beneficial. 


♦Hauck,  P. F.  and  Connell,  T.P. ,  "Destroyer  Seamanship  in  the  St.  Lawrence  Seaway,*’  The  U.S.  Naval 
Institute  Proceedings,  Vol.  86,  No.  3,  pp.  131—137  (Mar  1960). 


A.  Tapiin: 


Mr.  Newton’s  explanation  was  extremely  clear.  However,  I  would  like  to  ask  a  ques¬ 
tion  as  to  what  effect  the  sea  has  on  the  ability  to  handle  ships  during  replenishment. 

Mr.  Newton  mentioned  that  the  interaction  force  increases  with  the  square  of  the  speed. 
Offhand,  it  would  seem  that  the  force  on  the  rudder  and  the  force  on  the  yawed  hull  would 
also  increase  with  speed  squared.  On  that  basis  alone  we  would  have  a  little  trouble,  but 
there  are  two  other  effects  of  speed  that  come  to  mind.  For  example,  when  two  ships  are 
100  feet  apart  and  are  going  fast,  they  will  close  that  distance  more  rapidly  than  they  would 
have  at  slow  speed.  Also,  the  bow  waves  are  extremely  different  at  high  speed.  Specifically, 
is  there  anything  other  than  the  bow-wave  effect  and  that  the  distance  closes  more  rapidly, 
that  makes  high-speed  replenishment  difficult? 

B.  Silverstein: 

I  enjoyed  seeing  that  the  experimental  data  in  Mr.  Newton’s  paper  exhibited  the  same 
trends  as  those  shown  in  my  paper  on  linear  theory  of  ship  interaction;  that  the  lateral  force 
diminished  inversely  as  the  distance  between  the  ships.  It  also  came  out  theoretically  that 
the  force  would  vary  in  an  oscillatory  manner  with  the  longitudinal  distance,  and  this  was 
checked  experimentally.  I  would  be  very  much  interested  in  trying  to  check  in  detail  the  re¬ 
sults  of  the  theory  against  the  forces  and  moments  you  measured. 

My  paper  ended  with  a  rather  complicated  equation  which  did  not  lend  itself  to  easy 
calculation.  I  appreciate  the  fact  that  I  now  have  experimental  data  to  confirm  the  equation. 

You  mentioned  earlier  that  one  of  the  key  problems  was  not  just  calm  water,  but  what 
is  the  behavior  in  a  seaway?  This  is  a  very  complicated  addition  to  the  theory  but  I  think  it 
is  the  important  problem.  We  arc  beginning  to  understand  about  calm  water,  but  the 
replenishment-at-sea  operation  in  rough  water  is  the  difficult  problem. 

J.  P.  Breslin: 

I  was  somewhat  interested  in  the  question  that  people  have  raised  in  the  past  about 
the  possibility  that  the  propeller  might  play  somewhat  of  a  role  in  the  interaction  effect.  I 
would  like  to  add  a  small  voice  to  the  opinion  that  Mr.  Newton  has  ably  expressed  that  cer¬ 
tainly  in  deep  water  one  should  not  expect  the  propeller  to  influence  interaction  very  much 
since  the  pressure  field  decays  so  rapidly.  I  think  a  quick  way  of  getting  at  this  is  to  real¬ 
ize  that  the  propeller  thrust  force  is  roughly  equal  and  opposite  to  the  drag  of  the  ship,  and 
the  drag  of  the  ship  is  a  small  fraction  of  the  displacement,  in  the  order  of  2  percent,  per¬ 
haps  possibly  in  the  order  of  10  percent,  at  the  most. 

I  would  like  to  hear  some  mention  as  to  how  big  these  forces  are;  what  their  limits  are 
(if  the  ships  were  allowed  to  touch)  in  fractions  of  the  displacement;  what  order  of  magnitude 
of  forces  we  are  talking  about. 
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H.  E.  Saunders: 


As  the  result  of  a  study  having  to  do  with  the  modernization  of  the  Panama  Canal  which 
was  carried  out  at  about  the  same  time  that  Ilaslar  was  doing  the  work  described  by  Mr.  Newton, 
the  U.S.  Army  Engineers  established  the  following  requirement  for  a  modernized  canal:  When 
one  ship  passes  another,  or  performs  any  type  of  operational  maneuver  that  could  be  assumed 
to  happen  in  the  course  of  operating  in  the  canal,  it  should  be  possible  for  each  ship  to  per¬ 
form  its  share  of  the  maneuver,  barring  accidents  or  any  unforeseen  circumstances,  with  not 
more  than  one-third  of  the  total  available  rudder  angle.  In  other  words,  if  the  total  available 
rudder  angle  was  30  degrees,  then  the  model  tests  should  show  (and  the  model  tests  eventu¬ 
ally  did  show)  that  not  more  than  10  degrees  of  rudder  would  be  required  by  the  pilot  (through 
the  steersman  and  the  controls)  to  handle  the  ship  in  the  normal  manner;  leaving  the  other  two- 
thirds  of  the  rudder  angle  for  emergencies  and  times  when  the  commanding  officer  has  to  exer¬ 
cise  his  own  discretion.  Incidentally,  as  the  ships  get  too  close,  there  isn’t  anything  the 
commanding  officer  or  anybody  else  can  do. 

Although  it  is  an  operational  feature,  and  perhaps  has  no  part  here,  it  is  just  as  well 
to  remember  that  in  any  operation  of  this  kind,  we  must  not  count  on  using  too  much  of  the 
available  rudder  angle  ior  normal  operation.  We  have  to  leave  plenty  of  reserve  for  the  forces 
that  we  don’t  anticipate,  or  for  the  forces  that  become  too  large,  or  for  some  other  effects 
such  as  wind  or  third  ships  and  so  on,  which  come  into  the  picture. 

Author's  Closure 

1  was  very  pleased  to  hear  what  Mr.  Moody  said  about  the  latest  techniques  at  TMB. 

One  should  really  make  one  model  pass  the  other  in  order  to  get  the  transient  effects,  which 
obviously  affect  the  situation,  whereas  in  the  Ilaslar  experiments  they  were  in  definite 
positions. 

The  main  point  of  what  Mr.  Moody  said  has  to  do  with  wave  action.  He  developed  this 
point  by  describing  how  the  two  waves  of  the  ship  marry,  and  said  that  you  can  get  in  danger¬ 
ous  conditions  whore  the  forces  are  quite  large.  This  was  borne  out  by  the  sea  trials  of  the 
KING  GEORGE  V  and  the  OLNA,  and  the  figure  I  remember  is  that  when  the  battleship  ap¬ 
proached  the  replenishment  ship,  800  feet  away,  as  her  bow  began  to  overtake  the  stern  of  the 
OLNA,  the  OLNA  was  forced  to  use  5  degrees  of  rudder  to  keep  on  the  course.  That’s  a  long 
distance,  and  it  was  obviously  a  iarge  force. 

Mr.  Taplin  asked  a  rather  awkward  question:  Is  there  any  other  ractor  other  than  the 
bow'  wave  or  the  pressure  field  effect  which  can  make  this  operation  of  replenishment  more 
difficult?  1  would  immediately  say  that,  at  high  speed,  you  of  course  have  far  less  time  to 
take  avoiding  action  if  you  start  the  maneuver  wrong.  But  from  the  sea  trials  of  the  KING 
GEORGE  V,  it  is  perfectly  clear  that  this  operation  can  be  done  safely  with  some  ships  up  to 
20  knots.  The  sea  trials  and  the  model  tests  were  done  at  10  to  20  knots,  and  the  same  rudder 
angle,  roughly  speaking,  was  measured  on  both  ships,  whatever  the  speed  within  that  range. 
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Dr.  Silverstein  confirms  that  the  experiment  was  borne  out  in  theory.  1  might  say  that 
not  enough  people  realize  that  more  comes  out  of  the  marriage  of  theory  and  practice  than 
from  out  of  either,  and  this  is  a  beautiful  example  of  that. 

Dr.  Breslin  wants  to  know  the  magnitude  of  the  forces  when  the  separation  between  the 
ships  is  nought  [zero].  The  curves  of  Figure  4  of  the  paper  are  going  up  pretty  well  and  are 
obviously  asymptotic  and  theoretically  reach  an  infinite  force  (I  think  that  answers 
Dr,  Breslin);  it  is  a  pretty  big  force. 

Captain  Saunders  speaks  from  a  wealth  of  experience.  I  did  not  know  of  the  rule  that 
one  should  keep  two-thirds  of  the  rudder  available,  especially  in  a  canal.  This  was  borne 
out  by  the  description  of  an  accident  given  by  Frohaska  in  a  discussion  of  Robb’s  paper.* 
The  two  ships  were  on  parallel  courses  in  passing;  one  had  to  veer  away  with  full  rudder  and 
got  clear— but  it  also  rammed  a  pier;  which  makes  your  point  admirably.  One  must  have  some 
capacity  left  in  the  rudder. 


♦Prohaska,  C.  W. ,  Comments  on  "Interaction  between  Ships/*  by  A.M.  Robb,  Transactions  of  \e  INA,  Vol.  91 
(1949),  p.  337. 
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ABSTRACT 


The  paper  deals  with  the  steering  effect  from  bow-jet  screw  propellers. 
This  type  of  propeller  is  placed  in  a  transverse  tunnel  in  the  bow  and  is  used 
for  maneuvering  at  low  ship  speed.  Model  test  results  are  given  for  a 
controllable-pitch  propeller  with  4  planar  blades  at  adjusted  pitch  ratios  P/D  - 
0.4,  0.5,  0.7,  and  0.9;  and  for  a  CPP  with  3  planar  blades  at  adjusted  pitch  ratio 
P/D  -  0.7.  Model  test  results  are  also  given  for  a  4-bladed  fixed  blade 
propeller,  pitch  ratio  P/D  =  0.7.  The  model  tests  are  compared  with  full-scale 
tests  of  two  300-HP  controllable-pitch  bow-jet  propellers. 

There  is  a  note  on  forces  and  turning  moment  which  occur  on  a  normal 
screw  propeller  as  a  result  of  non  parallel  flow  and  which  affect  the  steering 
characteristics  of  a  ship  especially  at  low  speed. 


INTRODUCTION 

Row-jet  propellers  or  bow-steering  propellers,  as  they  are  also  called,  have  been  more 
widely  used  during  recent  years.  Especially,  they  have  been  used  on  railway  and  car  ferries 
and  on  buoy  tenders;  i.e.,  ships  where  maneuvering  at  low  speed  is  often  required. 

A  number  of  different  typos  of  bow-jet  propellers  have  been  designed.  One  of  the  first 
was  the  cycloidal  propeller  which,  in  the  first  installation,  was  mounted  with  the  blades 
working  freely  under  the  ship’s  bottom.  Later  this  propeller  was  placed  in  an  athwartship 
tunnel,  like  other  types  that  are  mentioned  below.  The  cycloidal  propeller  has  been  installed 
on,  for  example,  the  PRINCESS  OF  VANCOUVER,  and  the  TRSLLERORG. 

Other  types  are  those  operating  with  fixed-pitch  screw  propellers.  The  Pleuger  system, 
for  instance,  consists  of  a  fixed-pitch  propeller  in  a  circular  duct  operated  by  a  submerged 
electric  motor.  The  Jastram  system  also  utilizes  fixed-blade  propellers  but  has  two 
contrarotating  propellers,  one  at  each  end  of  a  propulsion  pod  to  which  power  is  supplied 
over  a  bevel  gear.  The  former  system  is,  for  example,  applied  on  the  car  ferry  COMPIEGNE 
and  the  latter  system  on  the  buoy-tender  'VALTER  KORTE. 

The  riutche  system  essentially  consists  of  two  transverse  ducts  and  a  vertical  fixed- 
pitch  propeller.  Magnitude  and  direction  of  thrust  are  controlled  by  a  cylindrical  valve 
driven  by  a  separate  motor.  This  system  is  used  on  the  East-Terman  railway  ferry 
SASSNITZ. 
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Controllable-pitch  propellers  have  alsc  been  used.  The  KaMeWa  system  consists  of  a 
controllable-pitch  propeller  placed  in  a  circular  duct  and  housed  in  a  propulsion  pod.  Among 
others,  the  railway  ferry  PRINSESSE  3ENEDIKTE  and  the  car  ferry  PRINSESSAN  CHRISTINA 
utilize  the  KaMeWa  system. 

This  paper  deals  with  model  testing  of  screw  propellers  used  as  bow-steering  propellers, 
with  the  emphasis  on  controllable-pitch  propellers.  The  general  arrangement  of  a  bow-steering 
controllable-pitch  propeller  is  shown  in  Figure  1. 


The  propulsion  pod  is  supplied  with  power  from  a  vertical  shaft  coming  in  at  one  end  of 
the  pod  where  the  bevel  gear  is  located.  At  the  other  end,  hydraulic  oil  is  supplied  to  the 
blade-turning  servomotor  in  the  propeller  hub.  At  this  end  also  the  feedback  of  the  control 
mechanism  is  placed.  It  is  noted  from  the  drawing  that  the  propeller  has  an  unusually  large 
diameter  of  the  hub  body.  This  is  determined  by  the  space  required  of  the  bevel  gear. 
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There  are  throe  supports  at  each  end  of  the  pod.  Only  one  at  each  end  accommodates  part  of 
the  mechanism. 


MODEL  TESTING  ARRANGEMENT 

The  model  testing  of  this  bow-steering  system  was  made  at  the  Kristinehamn  Cavitation 
Tunnel.  In  the  tunnel,  which  has  a  measuring  section  of  roughly  800  x  800  mm,  a  model  of  the 
duct  around  the  propeller  was  built.  At  each  end  this  duct  was  surrounded  by  a  disk  simulating 
the  plating  of  the  ship.  The  duct  was  connected  to  a  scale  so  that  axial  forces  on  the  duct 
could  be  measured  directly.  The  arrangement  is  shown  in  Figure  2.  Thrust  and  torque  for  the 
propeller  were  measured  with  the  ordinary  equipment  of  the  model  propeller  shaft. 

Data  of  model  propellers  used  were: 


Model  Number 

317-B 

327-° 

331-3 

339-C 

Diameter  D,  m 

0.225 

0.225 

0.22r- 

0.225 

Number  of  blades 

A 

•t 

(planar) 

3 

4 

P/I) 

0  (blades) 

0 

0 

0.700 

afJ^o 

0.500 

0.432 

0.450 

0.432 

Hub  diameter  d,  ,u 

0.0347 

0.0317 

0.0347 

0.0347 

d/l) 

0.37G 

0.373 

0.370 

0.370 

The  four  models  are  of  the  Kaplan  type;  i.e.,  the  blade  lip  has  the  form  of  a  circular  arc. 
The  clearance  between  the  blade  tip  and  the  tunnel  wall  is  1.5  mm.  When  the  blade  is  adjusted 
for  positive  or  negative  pitch,  this  clearance,  however,  increases  at  the  blade  edges. 

Figure  3  shows  the  blade  designs. 


PRELIMINARY  TESTS 

The  preliminary  testing  was  made  with  Model  317-13.  In  one  part  of  the  tests  the 
influ  ence  of  various  types  of  guide  vanes  was  observed.  The  arrangement  was  tested  with 
one,  throe,  and  six  guide  vanes  at  each  end  of  the  pod.  One  test  was  made  with  the  guide 
vanes  set  symmetrically  at  0,  5,  and  10  degrees.  In  this  case  the  arrangement  with  three 
guide  var.cs  was  used.  The  totai  thrust  produced  at  a  given  horsepower  was  within  2-3 
percent  for  all  arrangements  except  for  large  angles  where  the  thrust  dropped.  Therefore,  it 
was  decided  to  use  the  arrangement  with  three  parallel  guide  vanes  at  each  end  of  the  pod. 

The  axial  flow  just  outside  the  tunnel  at  a  distance  of  about  %  propeller  diameter 
measured  on  the  centerline  of  the  tunnel  was  observed.  Model  317-B,  adjusted  pitch  ratio 
0,70,  was  used.  The  .velocities  are  plotted  in  Figure  4.  It  is  noted  that  the  velocities  at  the 
lower  part  of  the  tunnel  are  lower  than  in  the  upper  part  of  the  tunnel,  to  some  extent  depend¬ 
ing  upon  the  fact  that  the  pitot  tube  has  its  longest  distance  from  the  tunnel  end  at  the  lowest 
part  of  the  tunnel. 
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Testing  Arrangement 
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figure  4  —  Volocity  Histribution  at  Tunnel  Outlet 


Streamline  tests  were  also  made  and  showed  that  the  flow  in  the  lower  part  of  the 
tunnel  was  somewhat  unstable.  In  order  to  improve  this  situation,  a  hulge  wan  arranged  at 
each  end  of  the  tunnel  (Figure  5).  This  increased  both  K  j  and  Kq  for  the  pro  pel  lev  r,  r. 
instead  of  being  positive,  the  axial  force  on  the  tunnel  turned  negative. 

A  numerical  example  shows  for  Model  Propeller  317-3  converted  to  full  scale. 

1.3  m  diameter  and  285  DHP  metric: 


Test  Number 

(without 

bulge) 

16/17 

(with 

bulge) 

P/D 

0.7 

0.59 

RPM 

399 

389 

T  Propeller 

kp 

2816 

3560 

T  Tunnel 

kp 

+  409 

-  340 

Total  Thrust 

kp 

3225 

2720 

This  rosult  is  somewhat  surprising.  Further  tests  on  the  effect  of  bulges  are  planned. 

3ulge  and  grid  were  tested  separately.  The  grid  has  a  stabilizing  effect  on  the  f I o . 
Grid  without  edge  ring  was  finally  adopted. 


Figure  6  gives  this  index  for  different  combinations  of  diameter  and  shaft  speed.  The 
submergence  of  the  shaft  is  assumed  equal  to  the  diameter. 


MODEL  RESULTS 

The  final  tests  were  made  with  three  and  four  guide  vanes  for  1-bladed  and  3-bladed 
models,  respectively.  The  openings  of  the  tunnel  were  free;  i.e.,  no  grids  were  applied. 

Check  ‘ ?sts  show  that  if  a  grid  is  used,  the  total  „hrust  increases  hy  1.5— 2.0  percent. 

Figures  7—10  show  the  test  results. 

The  flow  set  up  in  the  cavitation  tunnel  by  the  model  propeller  was  stopped  by  turnins 
the  tunnel  impeller  slowly  in  reversed  direction.  The  total  thrust  is  producoa  by  the  propeller 
and  partly  also  as  lift  on  the  guide  vanes.  For  the  sake  of  simplicity,  t  ese  forces  are 
added  in  one  KT  total  value. 

It  is  noted  that  around  10  percent  cf  the  total  thrust  is  contributed  by  the  guide  vanes. 

(Text  continued  on  page  39.) 
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Figure  8  —  Model  317-B 


A  comparison  of  the  four  models  is  made  (Figure  11).  This  shows:  The  3-bladod 
45-percent  BAR  Model  331-B  is  just  slightly  loss  efficient  than  the  4-bladed  50-percent 
BAR  reference  Propellor  317-B.  With  respect  to  cavitation,  there  was  no  significant 
difference.  *  1 

The  4-bladed  Model  327-B  with  BAR  43.2  percent  is  considerably  inferior  to  317-B, 
as  Kj  total  is  reduced  by  6.5  percent.  Model  327-B  differs  from  317-B  oniy  with  respect  to 
BAR.  As  could  be  expected,  327-B  showed  more  cavitation. 

The  fixedblade  propeller  339-C,  which  differs  from  317-B  mainly  in  having  lens¬ 
shaped  sections  and  a  normal  helieoidal  surface,  is  better  than  317-B.  The  Kj  total-value 
is  3.9  percent  larger.  Considering  that  the  CP-propellers  have  planar  blades  and  thus  an 
unfavorably  high  load  at  the  tips,  this  superiority  of  the  fixed-blade  propeller  may  seem 
small.  However,  as  in  a  Kort  nozzle,  the  tunnel  walls  reduce  the  loss  over  the  blade  tips, 
and  this  effect  is  more  pronounced  for  the  propeller  with  highly  loaded  blade  tips. 

The  cavitation  picture  was  somewhat  better  for  339-C  than  for  the  other  propellers. 

There  was  some  difficulty  in  taking  photographs  showing  the  cavitation  clearly. 
Therefore,  small  drawings  were  also  made.  Figures  12  and  13  show  the  cavitation  pattern. 

It  is  noted  that  as  usual  at  static  pull  the  cavitation  appears  as  sheet  cavitation 
extending  toward  the  boss  from  the  blade  tips.  The  guide  vanes  wore  cav;tation-free. 

INCREASE  OF  SHIP  RESISTANCE  DUE  TO  BOW  TUNNEL 

A  certain  increase  in  resistance  must  be  accepted  usinj;  a  bow  propeller  Two 
examples  are  given: 

1.  Passenger  ship,  Lpp  =  S2.00  m,  block  coefficient  =  0.575,  draft  =  4.1  m, 

d  funne//draft  =0'32 


V  knots 

16  1 

16.5  j 

17 

17.5 

Increase  in 

DHP  percent 

0.9 

1.6 

1.7 

1.7 

2.  Bulk  carrier,  Z.  =  217.0  m,  block  coefficient  =  0.86,  draft  =  8.1  m, 

“  tunnel  * 


V  knots 

11 

12 

13 

14 

15 

16 

Increase  in 

DHP  percent 

0 

0.2 

0.4 

0.4 

0.5 

0.8 
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Model  317-B,  P/D  =  0.700,  a 
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FULL-SCALE  TRIALS 


Full-scale  test  with  a  how-steering  propeller  is  generally  difficult  to  make  quite 
satisfactorily.  The  comparatively  small  thrust  in  relation  to  the  size  of  the  ship  can  make 
influence  of  wind  and  current  disturbing. 

The  Danish  railway  ferry  PRINSESSE  BENEDIKTE,  LOA  111  m,  draft  4.50  m,  has  a 
300-hp  KaMeWa  bow-steering  propeller  with  diameter  1.30  m.  The  blades  are  of  the  317-B 
type. 

Trial  results:  303  D1IP  metric  394  rpm  and  pull  3460  kp  which  was  obtained  at  a 
pitch  setting  P/D  =  0.795.  This  gives  Kq  =  0.0330,  K  T  =  0.270,  a 1  =  3.0. 

By  using  the  above  Kq  and  Kj,  a  pitch  ratio  of  P/D  =  0.730  is  ohtained  through 
interpolation  in  Diagrams  7  and  8,  Thus  both  Kq  and  Kj-  give  the  same  pitch,  which 
indicates  that  the  prediction  of  power  and  thrust  from  the  model  test  was  nearly  correct, 
whereas  the  prediction  of  pitch  was  9  percent  low.  During  the  trial  the  stem  of  the 
BENEDIKTE  was  moored  to  the  quay  and  the  ship  extended  in  about  15  deg  out  from  the  quay. 
It  was  observed  that  a  circulation  was  set  up  around  the  forebody  by  the  how  propeller. 
Possibly  this  flow  contributed  to  the  higher  full-scale  p'tch. 

The  propeller  was  running  very  vibration-free. 

It  could  have  been  expected  that  the  thrust  and  torque  should  have  been  influenced  by 
scale  effect.  The  scale  effect  of  friction  was  calculated  to  reduce  torque  bv  2—4  percent; 
the  effect  of  the  tip  clearance  was  calculated  (o  increase  the  thrust  by  3  percent,*  and, 
further,  the  presence  of  the  grid  should,  according  to  the  model  tests,  increase  the  thrust  by 
1.5— 2.0  percent.  This  would  give  a  total  of  about  7.5  percent  thrust  increase  as  compared 
with  model  tests. 

During  trials  of  PR1NSE'*S\N  CIIRISTIN  \  with  the  same  type  and  size  of  bow 
propeller,  a  thrust  of  w  ell  over  4000  kp  was  indicated,  hut  unfortunately  the  testing  equipment 
was  damaged  before  the  trials  could  he  finished. 

DIMENSIONING  OF  PROPELLERS 

Diagrams  7  and  8  can  be  used  for  determining  main  data  of  a  bow  propeller.  \  usual 
prohlem  is  to  find  horsepower  and  shaft  speed  when  a  certain  thrust  and  maximum  diameter 
is  given.  This  may  be  solved  by  finding  a  relation  hetween  K  T  and  a1. 


♦Schatte,  K.,  "Eir.e  Methode  zur  Herechnung  von  Dusen-propellern,  M  Schiff  und  Hafen,  No.  11  (1956). 
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This  straight  line  can  be  drawn  in  Diagram  7.  At  the  intersections  with  the  P/D-c urves, 
a1  is  read  off  and  the  corresponding  Kq  is  taken  from  Diagram  8.  Thereafter  power  and  shaft 
speed  can  easily  be  calculated. 

In  the  more  general  case,  when  only  the  thrust  is  given,  it  can  be  shown  that 


DHP  =  const 


1 


Thus  a  small  Kq/K-t  and  a  large  cr1  are  desired. 

A  large  c 1  means  large  diameter  and  small  shaft  speed,  and  it  is  therefore  found 
practicable  to  go  to  about  a1  =  8.0.  For  a1  =  3  it  is  found: 


P/D 

0.4 

0.5 

0.7 

0.9  1 

A  q  'K  -p 

0.106 

0.101 

0.120 

0.143  j 
_ 

According  to  the  table,  it  is  therefore  not  advisable  to  use  larger  P/D  than  around  0.7. 
Suitable  data  would,  for  example,  be: 


or 


P/D  =  0.7,  A  T  =  0.256,  KQ  =  0.0306.  a1  =  2.8 


With  these  characteristics  it  is  found  that: 

>/r 

D  =  — -  m 
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N 


21.500 


rpm 


\  ' 

DHP  =  0.8S5  T,  metric 


T  kp 

— 

5000 

10.000 

20,000 

D  m 

1.535 

2.170 

3.080 

\  rpm 

317 

245 

174 

DHP 

442 

885 

L 

1770 

This  paper  has  deait  with  the  effect  of  bow-steering  screw  propellers  at  zero  ship 
speed  only.  However,  in  many  cases  steering  effect  from  the  bow  propeller  is  wanted  also 
when  the  ship  is  proceeding  ahead  or  astern.  To  investigate  this  condition,  a  test  series 
in  a  model  basin  is  planned. 
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A.  Silverlenf: 


DISCUSSIONS 


I  apologize;  I  speak  without  having  seen  the  paper  itself  and  I  also  speak  without  the 
data  which  I  am  going  to  quote. 

As  the  author  mentioned,  there  is  an  increasing  interest  in  these  devices,  and  recently 
there  have  been  cases  where  they  have  been  fitted  or  at  least  have  been  proposed  to  be  fitted 
both  at  bow  and  stern.  A  little  more  than  a  year  ago  at  NPL,  we  were  asked  to  investigate  a 
proposal  which  it  was  intended  to  fit  to  a  large  passenger  liner.  Our  prime  purpose  was  to 
compare  the  relative  efficiencies  (I  shall  return  to  this  point)  of  counterrotating  and  single 
propellers  for  the  purpose  of  producing  a  lateral  thrust.  Calculations  suggested  that,  the 
single  propeller  was  bound  to  be  more  effective  than  the  counterrotating  propeller.  Experi¬ 
ments,  not  surprisingly,  confirm  this.  Our  investigations  were  not  made  in  the  tunnel,  at 
least  not  initially;  we  were  fortunate  enough  to  be  able  to  make  them  on  a  fairly  large  scale. 

We  used  propeller  models  12  inches  in  diameter  and  made  a  replica  of  the  forebody  of  the 
vessel  on  a  correspondingly  large  scale,  which  wc  tested  first  in  a  large  static  water  basin 
and  then  carried  out  some  further  experiments  with  the  propeller  in  a  tube  (after  all,  that  is 
all  this  is,  propellers  operating  in  a  tube)  in  the  towing  tank. 

Now  one  is  interested,  basically,  in  the  efficiency  of  such  a  device,  and  this  device 
is  essentially  that  of  a  propeller  operating  at  zero  speed  of  advance.  So  some  criterion  other 
than  normal  efficiency  must  be  employed.  What  one  is  really  interested  in,  as  1  see  it,  is  the 
maximum  lateral  thrust  or  lateral  force  for  a  given  power  input.  And  this  quite  simply  is  a 
ratio  of  f\T,  the  thrust  coefficient,  to  the  torque  coefficient  A',>,  raised  to  the  two-thirds 
power.  It  is  not  Kj  over  K q\  it  is  K  T  over  Kq  to  the  two-thirds.  The  surprising  thing  is  that 
if  you  examine  published  propeller  systematic  data,  either  for  orthodox  propellers  or  alternately 
for  Kaplan  type  propellers,  of  which  there  are  now  some,  you  cone  across  the  fact  that  there 
is  an  optimum  pitch  ratio.  Quoting  from  memory.  1  think  that  it  is  around  0.8.  at  which  this 
criterion  of  effectiveness  is  a  maximum.  And  also  it  is  quite  easy  to  derive  a  relationship 
between  this  criterion  of  effectiveness  and  a  nondimensional  ratio  in  which  the  power  and 
the  diameter  arc  involved.  From  this,  we  found  it  very  simple  (and  I  should  mention  that  our 
measurements  broadly  confirm  this  simple  analytical  approach)  to  advise  on  the  optimum 
diameter  and  running  conditions. 

Incidentally,  this  very  seriously  affects  any  glib  quotation  of  horsepower  per  ton  thrust, 
per,  say,  100  horsepower;  a  common  figure  that  is  bandied  about  is  1  ton  per  100  horsepower. 
This  can  be  up  or  down  by  a  factor  of  three,  quite  easily  depending  on  what  you  can  do  in  the 
way  of  diameter  relationships  for  such  lateral  thrust  devices. 

I  should  like  to  ask  a  question  which  may  have  been  answered  in  the  paper;  whether, 
in  fact,  the  author  has  himself  found  any  such  optimum  pitch-diameter  ratios  to  exist,  and 
whether  he  has  found  any  such  criterion  of  effectiveness  which  varies  with  the  permissible 
operating  conditions. 
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I  was  interested  in  liis  final  comment  about  the  drag  of  the  opening.  This  is  a  point 
that  is  always  raised  by  a  shipowner  who  comes  to  us  for  advice  on  this  topic.  Of  course  I 
would  very  strongly  agree  with  Mr.  Pehrsson’s  point  that  properly  designed  openings  (and  I 
think  the  shape  of  the  opening  is  a  very  important  factor  hero)  need  not  add  anything  whatever 
significantly  to  the  drag  of  the  vessel,  when  proceeding  at  some  speed  ahead,  without  the  need 
for  elaborate  closing  devices  which  are  sometimes  suggested  and  fitted. 

The  effect  of  speed  ahead  is,  I  think,  one  that  needs  to  be  investigated.  Clearly,  the 
flow  conditions  into  the  propeller  will  be  affected  by  this  even  if  the  speed  ahead  is  only  1 
or  2  knots,  w'hic'n  is  the  condition  you  are  interested  in  for  maneuvering,  and  in  fact,  the 
propeller  characteristics  may  then  be  considerably  altered.  Finally,  I  should  like  to  ask 
Mr.  Pehrsson  whether  it  is  to  cope  with  such  fluctuating  conditions  that  he  advocated  the  use 
of  control'i-ble.  pitch  propellers,  because  at  the  moment  I  think  that  they  are  a  slightly 
unnecessary  luxury. 

G.  R.  Stuntz,  Jr.: 

I’m  a  little  bit  in  the  same  position  as  Mr.  Silverleaf  in  that  1  haven’t  seen  this  paper 
before.  As  some  of  you  may  know,  the  recently  completed  Army  dredge  MARKHAM  built 
down  at  Avondale,  is  equipped  with  a  device  very  much  like  this.  We  were  in  a  position  of 
doing  some  model  testing  for  the  Army  on  this  boat,  nnd  also  we  did  have  just  a  little  hit  to 
do  with  the  design  of  the  rig.  Like  Mr.  Silverleaf,  we  found  that  a  single  propellc-r  was  more 
effective  than  counterrotating  propellers.  This  is  possibly  due  in  some  degree  to  the  spacing 
between  the  propellers  and  to  the  fact  that  they  are  within  a  tunnel.  Secondly,  1  am  a  little 
surprised  at  the  shape  of  the  tunnel  that  Mr.  Pehrsson  described.  We  recommended  tc  ho 
Army  that  they  not  use  a  sharp-edge  junction  between  the  tunnel  and  the  hull  surface  but 
rather  a  very  generous  radius,  so  that  the  inflow  of  this  tunnel  had  a  uch  easier  transition 
from  the  external  flow  to  the  inside  of  the  tunnel.  1  believe  this  might  contribute  to  more 
stable  flow  in  the  way  of  the  propellers.  We  did.  however  use  the  discontinuity  or  lip.  or 
stop,  described  in  the  Swedish  work,  so  that  the  jot  at  the  outflow  end  would  separate  and 
not  follow  this  rather  generous  radius.  Model  tests  were  done  with  a  large  scale  model  of  the 
bow  of  the  ship.  The  diameter  of  the  propellers  was  about  9  inches  on  the  model. 

Unfortunately,  w  •  d'  *•  ’t  get  into  any  work  with  guide  vanes:  in  fact,  in  the  model  work 
we  had  no  grid  whatever  over  me  entrance  and  exit,  and  I  have  been  interested  to  note  the 
ship  was  built  with  such  a  grid.  We  don’t  have  any  full-scale  trial  data  so  !  don’t  know  how 
that  turned  out.  One  other  point  in  which  I  support  Mr.  Silverleaf  is  that  the  controllable 
pitch  propeller  does  seem  to  me  to  be  somewhat  of  a  luxury.  It  requires  a  very  much  larger 
hub,  I  suspect,  than  is  required  merely  to  house  a  right-angle  drive.  And  certainly  (his  large 
hub  inside  a  tunnel  would  seem  to  be  a  disadvantage. 
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R.  N.  NEWTON: 


I.  too,  haven’t  seen  the  paper  until  today  and  therefore  base  my  comments  on  the  other 
discussers.  I  would  like  to  see  the  title  of  the  paper  put  another  way,  such  as,  “Are  the  days 
of  tugs  numbered?”  Quite  frankly,  I  think  they  are  and  should  be.  To  anybody  who  has  been 
in  the  Navy  actively,  as  I  have,  nothing  is  more  annoying  as  they  go  up  the  Clyde  in  a  battle¬ 
ship  with  four  wretched  tugs  fussing  around,  pushing  you  this  way  and  that,  with  strong  lan¬ 
guage  from  the  bridge.  Then  the  QUEEN  MARY  comes  up  to  her  docks  and  pokes  her  nose  in 
and  everything  is  all  set.  But  there  is  a  need  here  for  tug  propulsion  units.  There  is  no 
doubt  about  it;  if  one  can  do  away  with  tugs  it  facilitates  the  operation  an  awful  lot. 

One  question  I  would  like  to  ask,  that  can  be  answered  with  a  bit  of  discussion,  has  to 
do  with  the  clearance  between  the  faired  tube  and  the  blade  tips,  and  did  it  have  an  effect  on 
tip  vortex  cavitation? 

I  took  note  of  the  discussion  about  the  relative  merits  of  the  counterrotating  propeller 
in  a  tube,  and  here  I  would  agree  with  Mr.  Silverleaf.  I  think  that  one  great  use  of  the  counter¬ 
rotating  propeller  is  when  it  is  placed  behind  the  ship,  because  you  can  take  more  advantage 
of  the  wake  of  the  ship,  which  is  one  reason  why  the  counterrotating  propeller  behind  the  ship 
is  more  efficient  than  the  single  propeller. 

But  in  looking  for  another  point,  about  the  ehp  of  the  opening.  If  you  can  make  the 
propeller  smaller  by  a  counterrotating  propeller  you  make  the  opening  smaller  and  you  un¬ 
doubtedly  effect  more  economy,  from  the  point  of  view  that  you  do  not  use  so  much  ehp.  The 
ehp  is  not  negligible.  We  at  Haslar  were  investigating  the  so-called  ducted  propellers  and  we 
do  take  into  account  the  loss  of  ehp  as  it  left  the  pipe.  In  a  destroyer  at  30  knots  it  is  of 
the  order  of  300  hp.  These  are  not  small  openings,  of  course,  and  I  think  the  counterrotating 
propeller  would  reduce  that  quite  a  bit. 


H.  E.  Saunders: 

I  have  read  the  paper  once,  and  I  am  confused  as  to  how  to  make  the  distinction  be- 

ft 

tween  propeller  thrust  and  thrust  on  the  ship:  the  sort  of  thrust  that  you  are  endeavoring  to 
produce  to  turn  the  ship,  or  to  move  it  sideways?  You  have  only  one  symbol  T,  and  I  am  un¬ 
certain  as  to  whether  that  applies  to  the  thrust  that  is  being  developed  by  the  propeller  only 
or  the  th  ust  on  the  entire  assembly  as  far  as  the  ship  is  concerned. 


S.  Bindel: 

Regarding  the  drag  of  the  hole,  we  carried  out  some  tests  on  cargo  ships  and  ferries 
and  we  found  that  the  increase  of  ship  resistance  due  to  bow  tunnel  was  not  more  than 
2  percent;  our  results  confirm,  for  relatively  slow  ships,  those  given  by  Mr.  Pehrsson. 
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Author’s  Closure: 


I  was  very  interested  to  hear  Mr.  Silverleaf’s  remarks  regarding  two  counterrotating  pro¬ 
pellers.  One  thing  which  my  company  has  found,  is  that  both  propellers  of  a  counterrotating 
pair  should  not  have  the  same  diameter.  This  was  verified  by  experiments  on  torpedo  pro¬ 
pellers  made  in  our  cavitation  tunnels  about  15  years  ago.  It  was  demonstrated  that,  if  the 
diameters  are  the  same,  the  flow  into  the  downstream  propeller  is  disturbed  by  the  tip  vortex 
of  the  forward  propeller. 

I  both  disagree  and  agree  with  Mr.  Silverleaf  on  the  point  of  comparing  the  efficiency 
of  the  propeller  by  Kj/Kq  or  K  T/K  q2^3  .  It  is  quite  correct  when  yon  base  it  on  a  given 

horsepower  to  compare  on  K T/K q2/3 ,  but  if  you  compare  for  a  given  thrust  then  you  should 
use  Kq/Kj-. 

There  was  some  discussion  on  the  shape  of  the  openings;  we  have  found  that  the  most 
effective  is  a  sharp  opening  at  the  forward  half  of  the  diameter  and  a  rounded  opening  at  the 
following  part  of  the  tunnel. 

Then  there  is  the  question-why  a  controllable  pitch  propeller?  I  don’t  think  it  is  a 
luxury  here  but  the  reverse.  It  is  so  much  cheaper  with  an  electrical  system  to  use  a  non- 
reversible  constant  speed  motor.  Therefore,  the  total  cost  of  the  installation  is  much  less 
using  a  controllable  pitch  propeller. 

I  would  agree  with  Mr.  Stuntz  that  counterrotating  propellers  can  be  advantageous  in 
some  cases,  and  especially  where  a  small  draft  forbids  the  use  of  a  large  tunnel  opening. 

In  reply  to  Captain  Saunders,  Kj  means  the  total  thrust  delivered  by  the  propeller  and 
the  tunnel,  as  indicated  in  the  upper  part  of  Figures  7,  9,  and  11.  Thus  this  coefficient  in¬ 
dicates  how  much  thrust  is  delivered  to  change  the  course  of  the  ship. 
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EXPERIMENTS  ABOUT  THE  MANEUVERABILITY 
AND  TURNING  OF  SHIPS 


by 


Hi  samitsu  Shi  bo 

Transportation  Technical  Research  Institute 
Tokyo,  Japan 


ABSTRACT 


This  paper  is  composed  of  three  parts  as  follows: 

Part  1:  Self-propelled  model  experiments  about  the  maneuverability  of  ships. 

Part  2:  Effects  of  screw  propeller  on  the  character  of  the  rudder. 

Part  3:  Effects  of  the  depth  of  submergence  of  the  rudder  on  its 
performance. 

In  Part  1,  the  author  investigated  generally  about  the  optimum  rudder  area, 
the  maximum  rudder  angle,  and  the  effect  of  the  Cb  of  the  ship’s  hull  on  the  ma¬ 
neuverability  of  ships. 

In  Part  2,  he  showed  that  the  optimum  rudder  area  is  decided  mostly  from 
the  ratio  of  C^/ 8,  the  ratio  of  the  normal  pressure  coefficient  to  the  aspect  ratio, 
independently  from  the  ship’s  hull  when  the  depth  of  the  rudder  has  to  be  kept 
constant  as  is  usual.  He  also  presented  the  design  data  for  the  rudders  working 
behind  propellers. 

In  Part  3,  he  made  clear  that  by  decreasing  the  depth  of  the  submergence  of 
the  rudder,  the  normal  pressure  decreases,  nevertheless  the  rudder  torque  stays 
at  the  same  level,  at  large  ang!°  of  deviation,  because  of  the  backward  shift  of 
the  position  of  the  center  of  pressure,  which  cancels  out  the  decrease  of  the  nor¬ 
mal  pressure.  Re  showed  that  this  i«  the  reason  why  the  design  data  aquired 
from  the  deeply  immersed  rudder  can  practical ’.y  be  applied  for  the  rudder  of 
actual  ships. 
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PART  1 


SELF-PROPELLED  MODEL  EXPERIMENTS  ABOUT 
THE  MANEUVERABILITY  OF  SHIPS 

1.1  INTRODUCTION 

There  is  very  little  scientific  information  and  technical  data  available  about  the  maneu¬ 
verability  and  turning  of  ships,  and  we  still  have  many  unsolved  problems  about  these 
performances.  Design  data  for  the  rudder  is  insufficient;  for  example,  we  have  difficulty  find¬ 
ing  reliable  data  to  decide  the  rudder  area  that  will  give  the  best  maneuverability  and  turning. 

Here  the  author  performed  a  series  of  self-propelled  model  experiments  for  the  purpose 
of  getting  practical  design  data  to  decide  the  best  rudder  area.  This  is  one  phase  of  a  rather 
comprehensive  series  of  model  turning  experiments,  and  the  general  results  of  this  study  are 
reported  here  in  Part  1. 


1.2  EXPERIMENTAL  SETUP 
1.2.1  MODEL  HULL,  RUDDER,  AND  SCREW  PROPELLER 

We  used  three  model  hulls  which  have  the  same  length/width  ratio  ( L/B )  and  width/ 
draft  ratio  ( B/d )  of  conventional  ships,  and  which  have  throe  different  block  coefficients. 

0.6,  0.7,  and  0.8.  We  chose  these  co.  fficients  because  they  represent,  respectively,  a  high¬ 
speed  merchant  ship,  a  general  cargo  ship,  and  a  super-large-sized  oil  tanker.  The  principal 
dimensions  of  the  model  hull  are  ail  2.50  m  in  length,  0.3125  m  in  width,  and  0.137  m  in  draft, 
and  the  ratios  are  L/B  =  7.30  and  B  7/  =  2.50.  Bow  and  buttock  lines  and  the  forms  of  stem 
and  stern  of  these  model  hulls  are  shown  in  Figure  1,  as  listed  in  Tabie  1.  For  these  tests, 
we  did  not  put  the  bilge  keels  on  the  models.  The  effects  of  bilge  keels  should  be  studied 
separately. 


TABLE  1 

Kind  of  Model  Hulls  Used 


Model 

Kind 

Block  Coefficient 

- 1 

Body  Plans 

A 

High-speed  merchant  ship 

0.60 

8 

General  cargo  ship 

0.70 

Figure  1 

C 

Super-large-sized  tanker 

0.80 

The  rudder  area  ratios  A/L  x  d  of  five  rudder  models  are  respectively  1/80,  1/60,  1/50, 
1/40,  and  1/35.  The  five  rudders  are  all  rectangles  which  have  the  same  length  (span),  9.8 
cm,  but  the  length  of  the  chord  differs  for  each  rudder.  As  a  result,  the  aspect  ratios  differ; 
namely,  2.24,  1.68,  1.40,  1.12,  and  0.98. 
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We  adopted  NACA  0018  airfoil  for  the  section  form,  putting  its  shaft  position  at  33 
percent  from  the  leading  edge.  The  screw  propellers  are  the  SENPAKU  SHIKEMJYO  No.  A4-40 
type,  which  are  10  cm  in  diameter,  and  have  three  different  pitch  ratios,  0.7,  0.8,  and  0.9. 

All  propellers  are  right-handed. 


TABLE  2 


Principal  Dimensions  of  Propeller 


Diametet 

100  mm 

doss  ratio 

0.250 

Pitch  ratio  (constant) 

0.7,  0.8,  0.9 

Expanded  area  ratio 

0.40 

Maximum  blade  width  ratio 

0.242 

Blade  thickness  ratio 

0.045 

Bake 

10  deg  -  18  ft 

'lumber  of  blades 

4 

Turning  direction 

Right-lianfled 

1.2.2  PROPULSION  MOTOR 

A  1  12-hp,  24-\  d-e  shunt  motor  was  used  as  the  driving  motor  for  the  screw  propeller. 
30-v,  G-anip-hr  storage  batteries  were  used  to  supply  the  electric  sources  to  this  motor  and 
other  apparatus  in  the  model. 

1.2.3  STEERING  MECHANISM 

The  steering  mechanism  is  such  that  a  spring  supplies  the  power,  and  by  adjusting  its 
windings  we  can  steer  the  rudder  to  the  pre-set  angle  in  a  given  time. 

1.2.4  TRANSIT  FOR  PURSUING  THE  PATH 

A  transit,  which  was  designed  by  the  Ship  Performance  Division,  Transportation 
Technical  Research  Institute  (TTRI),  was  used  to  track  the  modei.  Picture  1  shows  its 
appearance,  and  Picture  2  shows  an  example  of  the  measured  record. 

While  the  observer  pursues  the  position  of  the  mode!  continuously  on  the  transit,  the 
direction  is  recorded  automatically  at  eve.y  second  or  at  every  other  second  on  the  drum.  We 
used  two  transits  in  this  series  of  tests.  The  modei  of  biock  coefficient  0.70  is  shown  in 
Picture  3,  loaded  with  all  of  the  above-mentioned  experimental  devices  and  apparatus. 
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1.2.5  MISCELLANEOUS  APPARATUS 


Also  used  in  this  experiment  were: 

a)  Gyroscope  for  course  angle  meter, 

b)  Wireless  controlling  device. 

1.3  METHOD  OF  EXPERIMENT 

When  the  model  reaches  the  steady-state  condition,  the  pre-set  programmer  starts  and 
the  number  of  revolutions  of  the  main  shaft  is  measured  first;  then  the  rudder  is  steered  and 
the  model  starts  to  turn. 

Besides,  starting  from  the  time  the  model  makes  a  straight  advance,  the  course  angle 
is  continuously  recorded  by  gyro  indicator  and  cine  camera  and  the  trace  of  the  model  is 
followed  by  transits  on  the  shore.  Finishing  the  required  measurements,  the  model  is  stopped 
by  the  signal  sent  by  the  wireless  controlling  device. 

By  this  method  the  path  of  the  model  is  found  at  every  second  (or  at  every  other  second). 
This  gives  us  the  advance,  transfer,  turning  circle,  turning  diameter,  and  speed  of  the  ship, 
together  with  the  number  of  revolutions  of  the  main  shaft,  and  the  course  angle  at  every  second. 
From  this,  we  can  find,  further,  the  speed  of  the  change  of  the  course  angle  and  the  drift  angle. 

These  experiments  were  held  last  March  and  May  on  a  reservoir  in  the  northern  suburbs 
of  Numazu,  Shizuoka-PrefecUire  and  at  the  experimental  basin  in  Meguro-Ku,  Tokyo. 

1.4  KINDS  OF  EXPERIMENTS 

We  used  three  model  hulls,  five  rudders,  an  1  three  screws  in  the  experiment;  rudder 
angle,  speed,  trim,  displacement,  and  turning  direction  of  the  models  were  changed,  as 
shown  in  Table  3.  We  examined  the  effect  of  these  variations  upon  the  maneuverability  of 
the  ship;  for  example,  on  the  turning  diameter,  advance,  transfer  of  turning,  reduction  of  speed, 
and  so  on.  The  number  of  runs  in  this  series  was  more  than  200. 

TABLE  3 


Kinds  of  Experiments 


Mein  angle 

10  dej,  20  dc,,,  3D  deg,  35  de*,  40  de0,  4C  de; 

Speed  (hroude  Mo.) 

0.09  -  0.33 

Trim 

Aft  trim,  even  keel,  fore  trim 

Displacement 

Ligiit-  and  fuli-loaded  condition 

Turr, in c.  direction 

1 _ L_ _ 

T o  port  and  to  starboard 
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1.5  RESULTS  OF  EXPERIMENTS 


The  model  drifts  more  or  less  in  a  certain  direction  because  of  the  wind  force  while  it 
is  running.  This  means  that  the  model  is  much  more  affected  by  wind  of  the  same  speed  than 
the  actual  ship  is,  because  the  advance  speed  of  the  model  is  equal  to  1  /yj\  (A  is  scale  ratio) 
times  that  of  the  actual  ship,  by  Froude’s  Law. 

To  correct  or  eliminate  such  a  wind  effect,  measurements  were  made  until  the  model 
completed  the  steady  turning  circle  twice. 

The  direction  and  the  distance  of  drift  during  one  turning  circle  are  determined  from  the 
trace  of  the  turning  circle.  So  the  effect  of  the  wind  per  unit  time  can  be  found  if  we  assume 
that  the  direction  and  the  distance  of  drift  remain  constant  for  a  short  period  of  time.  By  this 
method  we  can  modify  the  trace  of  the  model,  eliminating  the  wind  effect.  This  simple  method 
gives  almost  satisfactory  results,  as  shown  in  the  example  in  Figure  2,  where  a  comparatively 
large  drift  was  eliminated  by  this  method. 

From  more  than  200  turning  traces  acquired  by  the  experiments,  several  representative 
examples  about  the  model  of  C ^  =  0.7  are  shown  in  Figure  3,  corrected  for  wind  effects. 

The  figure  numbers  and  corresponding  experimental  data  are  shown  in  Table  4. 

TABLE  4 


No.  of 
Figure 

Rudder 

Area 

Ratio 

Block 

Coefficient 

Propeller 

Pitch 

Ratio 

Trim 

Displace  merit 

_ 

Direction 

of 

Turning 

Figure  5.1 

1/8C 

0,70 

0. 

80 

Tver. 

keel 

Full 

1  qarl 

IWOU 

Pon  side 

Figute  5.2 

1/60 

Figure  5.3 

1/50 

Figure  5.4 

1/40 

Figure  5.5 

1/35 

1 

1 

1.6  CORRELATION  BETWEEN  MANEUVERABILITY 
OF  MODEL  AND  ACTUAL  SHIP 

To  apply  the  experimental  results  obtained  with  the  self-propelled  model  to  the  full- 
slzed  ship,  we  must  examine  the  correlation  between  the  model  and  the  snip  in  maneuverability. 
We  note  the  following  facts: 

1.  In  the  model  experiment,  the  Reynolds  number  is  smaller  than  that  of  the  ship;  therefore, 
the  characteristics  of  the  rudder  of  the  model  differ  from  that  of  the  ship. 

2.  It  is  possible  for  the  screw  of  the  ship  to  cavitate;  however,  with  the  model  that  very 
seldom  happens. 


(Text  continued  on  page  63.) 
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Figure  2  -  An  Example  of  Turning  Path  Observed 


3.  As  the  Weber  number  of  the  model  rudder  is  considerably  different  from  that  of  the 
actual  rudder,  the  phenomenon  of  air  draw  in  the  model  is  considerably  different  from  that  of 
the  actual  ship.  However,  the  results  of  the  turning  experiment  with  the  model  agreed  fairly 
well  with  those  of  the  ship  trial.  Brard,  Hewins  and  Roop,  and  Pitre,  have  already  reported  this 
fact;  also,  the  test  results  on  models  and  ships  carried  out  by  the  Ship  Performance  Division, 
TTRI,  showed  good  agreement. 

Experiments  were  carried  out  on  models  and  ships  designated  X  and  Y,  and  comparisons 
of  those  models  and  ships  are  shown  in  Figure  4-1.  Ship  X  is  a  twin-screw  twin-rudder  ship 


111  m  long,  17.40  m  wide,  6.80  tn  deep,  and  4.78  m  in  draft  at  the  test  condition,  and  all 
rudders  are  just  behind  the  screws.  The  ship  trial  was  carried  out  at  14.4-knot  speed  and 
35  deg  in  the  helm  angle.  The  model  was  2.5  m  long,  and  the  model  tests  were  held  at  a  speed 
of  1.12  m/s  (corresponding  to  11.5  knots  for  the  ship)  and  at  the  helm  angles  of  10  deg,  20  deg, 
30  deg,  and  35  deg.  As  shown  in  the  figures,  the  model  test  results  agreed  sufficiently  well 
with  those  of  the  actual  ship.  Ship  Y  is  also  a  twin-screw  twin-rudder  ship  106.0  m  long, 

10.5  m  wide,  and  3.67  m  in  draft,  and  the  rudders  are  deviated  a  little  from  the  center  line  of 
the  propeller  stream.  Two  models  2.5  m  and  6  m  long  were  used  for  the  experiments  in  this 
case.  The  2.5-m  model  was  used  first,  but  in  order  to  investigate  the  scale  effect  and  to 
increase  the  accuracy  of  the  experiment  the  6-m  model  was  used  later.  Test  results  with  the 
6-m  model  agree  well  with  the  results  of  the  sea  trial  with  the  actual  ship.  Furthermore, 

Figure  4-2  shows  a  comparison  of  the  experimental  results  of  this  test  with  the  results  of  sea 
trials  of  scores  of  ships  recently  built  in  Japan.  The  results  of  the  sea  trial  are  plotted  by 
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Figure  4-2  —  V'alues  of  Turning  Diameter  Obtained  from  Trials  at  Sea 


circles,  and  the  model  test  results  are  shown  by  the  solid  and  dotted  linos.  Block  coefficients 
of  the  ships  range  from  0.65  to  0.75,  but  the  results  were  modified  to  the  case  of  block  coeffi¬ 
cient  0.70  with  even  keel  condition,  in  order  to  make  the  comparison  easier.  For  this  calcula¬ 
tion,  experimental  results  obtained  with  models,  described  in  the  following  section,  were 
applied.  There  still  remains  the  influence  of  the  differences  in  L/B  and  Bid  and  the  differ¬ 
ences  in  the  wind  and  tide  effects,  on  these  results,  that  make  the  plots  scatter  over  a  wide 
range.  As  a  whole,  however,  the  fact  that  the  experimental  results  plot  closely  to  each  other, 
having  the  lines  of  the  results  of  model  test  of  C b  =  0.7  as  their  average  line,  means  that  the 
s'milarity  is  well  kept  between  models  and  actual  ships.  In  the  model  test,  there  exist  the 
scale  effects  in  its  friction;  namely,  the  corresponding  frictional  resistance  and  the  wake  of 
the  model  are  relatively  larger  than  those  of  the  ship.  Accordingly,  at  the  corresponding  speed, 
the  screw  needs  to  produce  a  larger  thrust  than  the  corresponding  thrust  of  the  ship,  if  the 
model  is  propelled  without  friction  correction.  However,  as  the  effect  of  the  difference  of  wake 
and  the  effect  of  reglecting  the  friction  correction  cancel  out  each  other,  so  the  stream  to  the 
rudder  remains  almost  similar  between  model  and  ship.  In  short,  practically,  we  can  say  tha' 
the  correlation  between  model  and  ship  shows  a  good  agreement  as  mentioned  above.  This  is 
true,  however,  only  in  the  range  of  the  case  where  cavitation  and  air  drawing  never  occur  in 
the  screw  of  the  ship. 
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1.7  DISCUSSIONS  OF  RESULTS  OF  EXPERIMENT 


1.7.1  RUDDER  AREA 

Variations  of  turning  diameter  with  the  increase  of  the  rudder  area  ratio  in  three  models, 
A,  B,  and  C.  are  indicated  in  Figure  5.  Turning  diameter  decreases  considerably  with  the 
increase  of  the  rudder  area  ratio,  in  the  range  of,  say,  1/80  to  approximately  1/50.  It  should 
be  noted,  however,  that  the  turning  ability  i3  not  improved  any  more  when  the  rudder  area  ratio 
is  increased  beyond  1/50.  To  obtain  the  best  turning  ability,  we  should  have  the  optimum 
value  of  rudder  area  ratio,  say,  approximately  1/45.  Of  course  it  depends  on  the  ship  form, 
as  is  shown  in  Figure  5;  it  is  nearly  1/40  in  A,  1/45  in  B,  and  1/50  in  C. 

Relations  between  rudder  area  ratio  and  the  advance  or  transfer  are  shown,  respectively, 
in  Figures  6  and  7.  As  for  the  advance,  there  is  no  best  rudder  area  ratio,  as  was  found  for 
the  turning  diameter,  and  it  keeps  decreasing  gradually  with  the  increase  of  the  rudder  area. 
Relation  between  the  transfer  and  the  rudder  area  is,  on  the  contrary,  almost  the  same  as  that 
between  the  turning  diameter  and  the  rudder  area.  The  advance  and  transfer  might  be  con¬ 
sidered  as  the  indices  of  maneuverability  in  transient  state,  while  the  turning  diameter  is  as 
that  in  the  steady  state.  Since  the  ship  movements  in  transient  state  are  significant,  for 
example,  for  preventing  collisions,  we  are  now  investigating  this  problem  separately. 

Based  on  the  model  experiments  with  tow’ed  models,  Gawn  in  1943  described  the  rela¬ 
tions  between  the  rudder  area  ratio  and  the  turning  diameter,  the  advance,  and  the  transfer. 

The  results  obtained  from  our  self-propelled  model  experiments  are  shown  in  Figures  5  to  7, 
which  give  further  information  about  this  problem  and  are  applicable  for  practical  purposes. 

1.7.2  RUDDER  ANGLE 

Turning  diameter,  advance,  and  transfer  gradually  decrease,  in  general,  as  the  rudder 
angle  increases  to  a  certain  angle.  This  tendency  is  recognized  not  only  in  rudder  angle 
above  35  deg,  but  also  in  large  rudder  angle  around  45  deg  (Figure  8).  Gawn  also  reported 
the  same  result  with  respect  to  this  point,  and  here  further  details  are  clearly  obtained  by  the 
self-propelled  model  experiments. 

The  effectiveness  of  this  large  rudder  angle  can  be  explained  by  the  rather  small 
effective  angle  of  incidence  to  the  rudder  and  also  by  the  fact  that  the  stall  very  seldom 
occurs  because  of  the  confused  aftslream  of  the  propeller.  If  we  neglect  the  effect  of 
propeller  stream,  subtracting  the  drift  angle  at  the  rudder  from  the  rudder  angle,  we  can  obtain 
the  effective  rudder  angle.  As  was  found  clearly  in  this  experiment,  the  drift  angle  at  midship 
reaches  to  10  deg  to  17  deg  when  the  rudder  is  steered  to  35  deg.  Then  the  drift  angle  at  the 
rudder  can  be  considered  to  be  more  than  about  20  deg.  Therefore,  the  effective  angle  of 
incidence  to  the  rudder  is  still  less,  and  at  this  rather  small  rudder  angle  of  attack,  as  the 
rudder  angle  increases,  the  normal  pressure  still  tends  to  increase.  There  are  the  reasons 
why  the  steering  by  such  a  large  helm  angle  as  45  deg  is  still  effective  for  improving  the 
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Fipure  7  —  Effect  of  Rudder  Area  upon  “Transfer 


Figure  8  —  Effect  of  Helm  Angle 

turning  ability.  Conventionally,  the  maximum  helm  angle  in  the  ships  is  limited  to  35  deg. 

As  is  shown  in  Figures  5  and  8,  however,  in  the  case  of  a  ship,  which  especially  needs  a 
good  turning  ability,  it  is  more  effective  to  increase  the  maximum  helm  angle  than  to  increase 
the  rudder  area  oniy.  In  this  experiment,  D/1.  of  the  Ship  H  ( Cb  =  0.70)  is  found  to  he  2.70 
when  the  rudder  angle  is  35  deg  and  the  rudder  area  ratio  is  1/50,  the  turning  diameter  is  not 
reduced  remarkably  by  the  increase  of  the  rudder  area  ratio  until  it  reaches  1/35.  When  the 
rudder  is  steered  to  15  deg,  however,  leaving  the  rudder  area  ratio  1/50,  D/L  becomes  2.10. 
That  is,  it  is  improved  as  much  as  22  percent.  When  the  rudder  angle  becomes  more  than  50 
deg,  the  turning  ability  does  not  improve  any  more  by  the  increase  of  the  helm  angle,  as  is 
expected,  and  is  shown  in  Figure  8. 

1.7.3  SHIP  FORM  AND  TURNING 

As  the  elements  of  the  ship  form  which  affect  the  turning  ability,  we  can  count  many 
factors  such  as  the  principal  dimensions,  L/B,  B/d ,  block  coefficient,  cut-up  of  the  stem  and 
stern,  and  so  on.  Here,  the  relation  between  the  turning  diameter  and  the  block  coefficient  is 
shown  in  Figure  9  for  the  cases  when  the  principal  dimensions  and  rudder  are  the  same,  and 
as  are  shown  in  Figure  1,  the  profiles  of  the  stern  are  different  from  each  other  with  the  block 
corffi  ients.  Variation  of  the  turning  ability  with  the  change  of  the  ship  form  is  remarkable 
in  this  case  where  the  principal  dimension  and  rudder  stay  the  same  and  differ  only  in  the 
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Figure  9  -  Effect  of  Ships’  Fullness  upon  Turning  Diameter 

block  coefficient.  Figure  9  shows,  for  example,  that  the  turning  diameter  of  the  shi'p  of  block 
coefficient  0.60  is  about  twice  that  of  the  ship  of  block  coefficient  0.80.  Of  course,  the 
reason  for  this  big  difference  is  in  the  difference  in  the  turning  moment  of  the  ship  caused  by 
the  difference  of  the  block  coefficient.  Besides  that,  however,  the  slip  ratio  will  increase  in 
the  ship  as  the  block  coefficient  increases,  and  this  makes  the  rudder  in  the  propeller  stream 
act  more  efficiently.  In  short,  when  the  rudder  area  is  determined  to  obtain  a  good  maneuver¬ 
ability,  the  block  coefficient  should  be  considered  in  connection  with  it. 

The  lines  of  Models  A,  B,  and  ('  are  chosen  to  represent  the  high-speed  liner,  the 
general  cargo  ship,  and  the  super-large-sized  tanker,  respectively.  In  these  ships,  the 
relations  between  the  turning  diameters  and  the  block  coefficients  are  nearly  linear. 

Figure  8  shows  the  case  where  the  rudder  area  ratio  is  1,  50. 

1.7.4  EFFECT  OF  TRIM 

The  variations  of  the  turning  diameter,  advance,  and  transfer,  which  change  with  the 
change  of  the  trim  are  shown  in  Figure  10.  These  are  obtained  with  the  Models  A,  B,  and  C  , 
with  the  rudder  of  the  rudder  area  ratio  1/50,  keeping  the  displacement  the  same  and  changing 
the  trim  only.  Turning  ability  is  very  much  affected  by  the  change  of  the  trim,  as  is  expected. 
From  Figure  10  we  can  find,  for  example,  that  if  we  increase  the  trim  by  the  stern  by  1  percent 
the  turning  diameter  increases  by  about  10  percent. 
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1.7.5  EFFECT  OF  SPEED 


With  respect  to  this  problem,  we  investigated  with  Models  A,  B,  and  C  only  in  the  cases 
when  the  rudder  area  ratio  is  1/50.  The  relation  between  the  speed  and  the  turning  diameter, 
obtained  by  experiments  in  which  the  Froude  number  ranges  from  0.09  to  0.30,  is  shown  in 
Figure  11.  Here,  the  speed  while  the  model  is  advancing  in  straight  course  before  steering 
was  taken  as  the  index  of  the  speed.  As  was  expected,  the  change  of  the  speed  affected  very 
little  the  turning  diameter.  That  is,  speed  affects  very  little  the  turning  diameter  at  the  Froude 
number  of  less  than  0.20.  Even  in  Model  C,  which  has  the  block  coefficient  of  0.80,  the 
turning  diameter  increases  by  only  small  percentages  when  the  Froude  Number  is  0.30.  (In 
another  experiment,  where  we  used  the  model  of  block  coefficient  0.5  in  order  to  make  the 
wavernaking  resistance  small,  the  effect  of  the  speed  was  not  recognized  until  the  Froude 
number  became  about  0.30.)  Relations  between  speed  and  advance  or  transfer  are  almost  the 
same  as  that  between  speed  and  turning  diameter. 


Figure  11  —  Effect  of  Froude  Number  upon  Turning  Diameter 

1.7.6  EFFECT  OF  DISPLACEMENT 

Figure  12  shows  the  variation  of  turning  ability  due  to  the  change  of  displacement, 
keeping  their  trim  unchanged.  The  displacements  correspond  to  the  light-  and  the  full-load 
condition,  respectively,  but  in  order  to  keep  the  propeller  and  the  rudder  entirely  immersed, 
even  in  the  light  condition,  the  trim  by  the  stern  of  1/50  was  adopted  in  both  conditions. 
Accordingly,  the  displacements  and  conditions  are  slightly  different  from  those  of  the  real 
light-  and  full-load  conditions  of  an  actual  ship.  From  the  figure,  we  can  see  that  even  by 
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increasing  the  displacement  by  about  35  percent,  the  turning  diameter  changes  very  little.  As 
these  experiments  wore  performed  by  the  same  rudder,  it  must  be  noticed  that  the  rudder  area 
ratio  in  the  light-load  condition  is  about  30  percent  larger  than  that  in  the  full-load  condition. 


Figure  12  -  Effect  of  Displacement  upon  Turning  Diameter 

1.7.7  SPEED  REDUCTION  IN  TURNING 

Figure  13-1  shows  the  speed  reduction  of  the  model  in  the  steady-state  turning,  com¬ 
pared  with  that  in  the  straight  course.  The  left  part  of  the  figure  shows  the  relation  between 
speed  reduction  and  turning  diameter,  while  the  right  part  shows  the  plots  of  the  relation 
between  speed  reduction  and  rudder  angle  for  each  rudder.  According  to  the  latter,  the  speed 
reduction  varies  with  the  rudder  angle  or  the  rudder  area  for  the  three  models.  !n  the  former, 
the  relation  between  the  speed  reduction  and  the  turning  diameter  can  be  represented  by  a 
single  curve,  respectively,  for  three  models  in  the  figure,  independent  of  the  rudder  angle  or  the 
rudder  area.  Moreover,  the  tendency  of  these  curves  resembles  each  other  in  this  case.  That 
is,  the  speed  reduction  is  almost  determined  by  the  turning  diameter.  In  Figure  13-2,  where  the 
left  part  of  Figure  13-1  is  assembled,  it  is  observed  that  the  speed  reduction  is  smaller  for 
the  ship  with  the  larger  block  coefficient. 
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Figure  13- 1 


Figure  13-2 

Figure  13  —  Speed  Reduction  in  Turning 

1.7.8  DIFFERENCE  OF  TURNING  PERFORMANCE  TO  PORT  OR  STARBOARD 

In  a  single-screw  ship,  there  are  some  differences  in  the  turning  performance  between 
turning  to  port  side  and  turning  to  starboard  side,  due  to  the  nonuniformity  of  the  wake  of  hull 
in  rudder  position  and  the  effect  of  propeller  stream  upon  the  rudder.  In  this  experiment,  we 
investigated  the  turning  to  port  and  compared  it  with  that  to  starboard,  using  the  propeller  of 
pitch  ratio  0.80,  and  found  that  the  former  is  about  10  percent  smaller  in  turning  diameter  than 
the  latter  (Figure  14).  Since  the  relative  positions  of  the  rudder  and  the  propeller  in  the  models 
are  the  same  as  that  of  the  ordinary  ships,  as  shown  in  Figure  1,  different  performance  of  the 
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Figure  14 
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Effect  of  Propeller  Turning  Direction 
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turning  due  to  the  side  (port  or  starboard)  can  be  approximately  the  same  with  the  results 
shown  in  Figure  14,  even  though  we  need  to  investigate  it  more  carefully. 

1.7.9  EFFECT  OF  PROPELLER  PITCH  RATIO 

Three  screw  propellers  of  pitch  ratio  0.70,  0.80,  and  0.90,  were  used  in  these  experi¬ 
ments,  and  the  results  show  very  little  difference.  This  is  probably  because  the  propeller 
stream  is  not  affected  so  much  in  this  range  of  pitch  ratio.  (Figures  about  0.7  and  0.9  in 
pitch  ratio  were  omitted.) 

1.7.10  DRIFT  BY  WIND  FORCE  IN  TURNING 

We  have  already  described  in  Section  1.5,  Results  of  Experiments,  how  to  correct  the 
effect  of  drift  by  the  wind  in  the  turning  test  of  models.  In  the  sea  trial  of  the  actual  ship, 
also  we  obtained  a  good  result  by  applying  this  same  method.  As  a  custom  we  have  observed 
the  turning  path  for  less  than  one  turn  in  the  ship  trial.  If  we  observe  this  about  two  circles 
in  turning  path  and  correct  the  drift,  however,  we  shall  be  able  to  obtain  more  precise  data 
about,  for  example,  the  turning  diameter. 

1.7.11  EFFECT  OF  BILGE  KEELS 

Existence  of  the  bilge  keels  naturally  affects  the  turning  performance  of  the  self- 
propelled  model.  In  the  experiment  performed  by  the  Ship  Performance  Division,  TTRI  in  1956, 
the  turning  diameter  increased  by  about  10  percent  by  taking  off  the  bilge  keels.  Of  course,  this 
effect  differs  according  to  the  length,  width,  and  position  of  the  bilge  keels.  It  is  necessary 
to  carry  out  further  experiments  to  make  clear  the  effect  of  bilge  keels  upon  the  turning  ability, 
because,  as  described  previously,  the  bilge  keel  was  not  used  in  this  series  of  experiments. 

1.8  CONCLUSION 

Based  on  the  fact  that  the  result  of  the  turning  experiment  by  the  self-propelled  model 
proves  the  maneuverability  of  the  actual  ship,  we  can  conclude  several  points  as  follows,  from 
the  results  of  the  turning  experiment  performed  by  three  kinds  of  models. 

1.  So  long  as  the  rudder  area  ratio  remains  less  than  about  1/45,  the  maneuverability  of 
the  ship  is  improved  by  increasing  the  rudder  area.  When  the  rudder  area  becomes  larger  than 
this,  however,  maneuverability  is  not  improved  any  more  by  further  increase  of  the  ruduof  area. 

2.  In  accordance  with  the  increase  of  the  helm  angle,  the  turning  diameter,  advance,  and 
transfer  reduce.  This  tendency  is  kept  until  the  large  helm  angle  of  around  45  deg.  Therefore, 
in  some  cases,  to  increase  the  maximum  helm  angle  is  much  more  effective  to  improve  the 
maneuverability  than  to  increase  the  rudder  area  only.  This  tendency  becomes  very  small 

at  the  helm  angle  larger  than  45  deg. 
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3.  The  hull  form  afiects  maneuverability  considerably;  for  ox  ample,  the  turning  diameter 
of  the  ship  of  C ^  =  0.60  is  as  large  as  twice  that  of  the  ship  of  Cj,  =  0.80.  The  tendency  that 

in  accordance  with  the  increase  of  the  block  coefficient  the  maneuverability  is  im|>rovod,  shows 
that  the  problem  of  turning  is  closely  related  to  the  problem  of  the  course  stability,  '''.special¬ 
ly  in  the  case  of  designing  the  rudder  for  full  ships,  which  are  usually  rather  poor  in  course 
stability,  the  character  of  course  stability  should  be  considered  simultaneously. 

4.  The  trim  of  the  hull  affects  considerably  the  maneuverability.  When  trim  by  stern 
increases  by  1  percent,  for  example,  the  turning  diameter  increases  by  about  10  percent. 

5.  The  change  of  displacement  has  very  little  effect  on  the  turning  diameter,  if  the  trim 
stays  the  same. 

6.  The  change  of  the  advance  speed,  if  that  was  in  the  range  of  the  speed  of  the  ordinary 
merchant  ship,  has  very  little  effect  on  the  turning  diameter. 

7.  The  speed  reduction  by  the  turning  can  be  roughly  expressed  by  a  simple  curve. 

8.  The  method  to  measure  the  steady-turning  circle  twice  is  very  helpful  to  correct  the 
effect  of  drift  by  the  wind  in  the  ship  trial,  as  well  as  in  the  model  tests. 


PART  2 

EFFECTS  OF  SCREW-PROPELLER  ON  THE  CHARACTER  OF  THE  RUDDER 


2.1  INTRODUCTION 

Even  in  the  design  of  single  rudder  for  the  single-screw  ship,  where  the  rudder  works 
behind  the  screw  propeller,  because  of  the  lack  of  the  modern  design  data,  we  are  still  using 
the  conventional  method  of  the  old-fashioned  empirical  formula  for  the  open  rudder;  that  is,  for 
the  rudder  independently  working  in  widely  open  still  water,  modifying  by  our  own  “experience.” 

At  present,  however,  with  the  advanced  hull  and  rudder  forms  and  increased  speed,  this 
simple  method  occasionally  gives  us  erroneous  results,  if  it  is  not  supplemented  cleverly  by 
experienced  designers. 

The  author  set  the  target  of  this  paper  principally  to  get  practical  design  data  for  the 
rudder  which  works  behind  the  sc.'ew  propeller  and  is  under  the  effect  of  its  aftstream. 

Another  fact  is  that  the  maneuverability  of  the  ship  becomes  worse  when  we  increase 
the  rudder  area  too  much.  This  might  bo  acceptable  from  the  theoretical  study,  but  we  have 
no  reliable  design  data  to  get  the  best  rudder  area  quantitatively,  as  well  as  qualitatively. 
Accordingly,  the  author  intended  also  to  find  out  whether  the  existence  of  the  optimum  rudder 
area  depends  upon  the  characteristics  of  the  rudder  itself  or  not. 

2.2  MODEL  RUDDERS  AND  PROPELLERS 

The  identical  rudders  and  propellers,  used  in  the  experiments  reported  in  Part  1,  were 
used  hero,  although  only  one  kind  of  propellers  of  pitch  ratio  C.8  was  used. 

2.3  METHOD  OF  EXPERIMENT 

!n  order  to  avoid  the  free  surface  effects,  the  upper  edge  of  the  rudder  was  kept  10  cm 
deep  under  the  free-water  surface.  The  characteristics  of  the  rudde:  were  measured  by  the 
rudder  dynamometer,  at  the  slip  ratio  of  11  percent,  (22  percent),  28  percent,  and  44  percent 
changing  the  revolution  of  the  screw,  at  the  same  advance  speed  of  1.17  m/sec. 

Besides  these,  the  same  measurement  was  undertaken  at  slip  100  percent.  The 
Reynolds  number  in  this  experiment  is  about  1.0  x  10s. 

2.4  RESULT  OF  EXPERIMENT 

The  normal  pressure  F  and  the  distance  between  the  leading  edge  and  the  center  of 
pressure,  are  shown  in  Figures  15  and  16  in  the  form  of  CN  (the  norma!  pressure  coefficient), 
and  x  (the  ratio  of  the  distance  to  the  chord  length),  respectively. 


(Text  continued  on  page  83.) 
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Figure  15  —  Normal  Pressure  Coefficient 


Figure  15*1 


Figure  16  -  Center  of  Pressure 
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Pg  is  the  effective  pitch,  and  A/Pg  is  adapted  as  the  speed,  because  the  uniform 
velocity  to  the  rudder  can  be  approximated  by  the  following  formula  as  a  whole. 

V  +  a  NPe-V  +  (NPg  -V)  =  NPe 

This  is  also  applicable  to  the  case  of  100-percent  slip  ratio. 

25  REMARKS  ON  RESULTS 

25.1  DESIGN  DIAGRAMS 

For  the  sake  of  convenience,  the  relation  between  the  normal  pressure  coefficient  C N 
and  the  aspect  ratio  is  shown  in  Figure  17-1,  the  relation  between  the  aspect  ratio  jS 
and  the  ratio  x  of  the  distance  of  the  center  of  the  pressure  from  the  leading  edge  to  the  chord 
length  is  shown  in  Figure  17-2  (or  Figure  16). 


Figure  17-1  -  Design  Diagrams  for  Normal  Pressure  Coefficient  C N 
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Figure  17-2  —  Design  Diagrams  for  Center  of  Pressure  X 


2.5.2  EFFECT  OF  SCREW  PROPELLERS  ON  CHARACTERISTICS  OF  RUDDER 
5.2.1  Normal  Pressure  Coefficient  C^, 

Figure  17-1  shows  the  following  facts: 

a.  As  the  propeller  slip  ratio  s  increases,  apparent  C ,,  reduces  remarkably. 

b.  Even  in  the  case  of  slip  ratio  0,  in  other  words,  in  the  lack  of  aftstream  by  the  screw, 
CN  reduces  remarkably  compared  with  the  case  of  open  rudder.  This  can  be  regarded  as  the 
effect  of  disturbance  by  the  screw. 

c.  The  abrupt  decrease  of  Cy  by  stall  is  remarkably  small  compared  with  the  case  of 
open  rudder. 

5-2-2  Change  of  Center  of  Pressure 

We  must  note  that  the  position  of  the  center  of  pressure  shifts  forward  according  to  the 
increase  of  the  slip  ratio  s,  as  shown  in  Figure  17-2.  In  the  case  of  the  open  rudder,  the 
position  of  the  center  of  pressure  moves  immediately  aft  when  the  stall  takes  place. 

On  the  contrary,  in  case  of  the  rudder  which  works  behind  the  screw,  no  abrupt  change  of 
this  kind  can  be  recognized,  at  least  for  the  cases  of  steering  to  port. 
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5.2.3  Normal  Pressure  Coefficient  after  the  Stall 

As  shown  in  Figure  16  or  Figure  17-1,  the  normal  pressure  coefficient  of  the  open 
rudder  decreases  considerably  by  the  stall;  on  the  contrary,  that  of  the  rudder  which  works 
behind  the  screw  does  not  decrease  so  much  by  the  stall.  It  was  clearly  proved  also  by  the 
photographic  observation  that  these  phenomena  were  not  due  to  the  air  draw. 

5.2.4  Stall  Angle 

Figure  18  shows  how  the  stall  angle  varies  with  the  difference  of  the  propeller  slip 
ratio  and  the  aspect  ratio  of  the  rudder.  Namely,  the  stall  angle  is  a  function  of  s  and  (3. 


Figure  18  —  Stall  Angle 


As  a  reference,  the  experiment  result  of  the  airfoil  of  15  percent  in  thickness  ratio  in  wind 
tunnel  is  also  shown  in  the  same  figure.  Comparing  this  value  with  that  of  the  open  rudder, 
which  wo  got  in  this  series  of  experiments,  difference  in  stall  angle  is  about  5  deg.  However, 
we  are  not  sure  about  this  difference,  as  there  are  differences  in  fluid,  thickness  ratio  of  the 
foil,  method  of  support,  condition  of  the  vibration,  fineness  of  finishing  of  the  surface,  exist¬ 
ence  of  the  free  surface,  and  method  of  experiments.  It  is,  however,  assured  aiso  by  another 
experiment  that  stall  angle  changes  considerably  by  the  effect  of  the  screw. 
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5.2.5  Considerations  on  Rudder  Torque 

As  mentioned  above,  CN  and  x  are  clearly  proved  to  be  a  function  of  a  and  ft. 

Therefore,  it  is  not  enough  to  design  the  rudder  using  the  simple  empirical  formula,  which 
does  not  include  the  effect  of  a  and  ft.  If  we  assume  the  position  of  the  rudder  head  as  usual, 
and  calculate  the  rudder  torque  from  Figure  17,  at  various  propeller  slip  ratios,  we  can  find 
easily  that  the  rudder  torque  can  be  in  overbalance  condition  at  large  siip  ratio  a.  This  means, 
in  case  of  the  design  of  rudders  for  tugboats  and  trawlers,  we  have  to  be  careful  in  the 
decision  of  the  position  of  the  shaft  of  the  rudder. 

26  CONSIDERATION  FOR  BEST  RUDDER  AREA 

The  expression  of  the  normal  force  F  can  be  manipulated  as  follows: 

£1 

F  =  —  pAV2CN  =  -  p(2b)2V2  JL 
2  *  2  ft 

As  is  clear  from  this  expression,  F  changes  by  the  values  of  CN/B,  if  2 b  remains  constant 
(because  SpB.n  2b  of  the  rudder  is  usually  limited  to  some  value  which  comes  from  the  form 
of  the  stern).  That  is,  to  increase  the  area  under  Lois  limitation  moans  to  reduce  the  value  of 
ft,  and  this  results  to  decrease  the  value  of  C^.  Accordingly,  we  cannot  sa>,  in  general,  how 
the  value  CN/ft  changes  by  the  increase  of  the  rudder  area.  Figure  19  shows  the  lift  coeffi¬ 
cient  of  the  airfoil  Clark  Y  with  the  thickness  of  11  percent  which  was  acquired  by  Zimmerman 


F;gure  19  —  Effect  of  Rudder  Area  upon  Lift 

in  the  wind  tunnel.  In  the  same  figure,  the  value  of  C^/B  is  also  shown.  As  C y  is  almost 
the  same  with  C  C ^  was  used  in  this  figure.  From  this  figure,  we  can  find  the  tendency 
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that  Cj  /B,  namely,  the  total  lift  increases  as  (3  reduces  (the  area  increases),  notwithstanding 
the  fact  that  C ^  decreases  at  the  same  time. 

C N  changes  by  the  difference  in  airfoil  section,  wing  thickness  ratio,  and  by  the 
existence  of  the  screw.  In  Figure  20,  the  value  of  CN/ft  was  calculated  from  the  result  of 
this  experiment  in  which  a  symmetrical  airfoil  of  18  percent  in  thickness  was  used. 
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Figure  20  —  Curves  of  C^/jS 


(Rudder  thickness  ratio  of  the  ordinary  rudder  is  about  18  percent.)  From  this,  "  e  can  see 
that  at  the  helm  angle  less  than  15  deg,  G’^yZ/S  increases  by  the  decrease  of  B  until  8  comes 
to  some  value;  however  after  that,  this  tendency  stops  and  C N/B  begins  to  fall  down  or  in 
other  words  C N/\ 3  takes  its  maximum  vaiue  at  some  value  of  3.  On  the  other  hand,  when  the 
helm  ansde  is  more  than  15  deg,  C^/ft  always  increases  by  the  decrease  of  8,  and  this  tend¬ 
ency  is  especially  clear  after  stall.  This  is  also  the  same  in  the  results  of  the  open  rudder 
tests.  Now,  let  us  consider  the  best  rudder  area  ratio  again  which  we  discussed  in  Part  1. 
Figure  21  shows  the  steady  turning  diameter  ratio  at  the  helm  angle  of  35  deg.  From  this,  we 
can  say  that  if  the  existence  of  the  optimum  rudder  area  ratio  comes  only  from  the  character¬ 
istics  of  the  rudder,  the  true  angle  of  incidence  to  the  rudder  must  be  less  than  15  deg,  even 
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Figure  21  —  Turning  Diameter  at 
35  Degrees  of  Helm  Angle 


at  the  turning  by  helm  angle  35  deg,  after  the  turning  becomes  steady.  The  measured  values 
of  the  drift  angle  in  the  previous  series  of  steady  turning  tests  are  shown  in  Figure  22-1. 

From  this  figure,  we  can  get  the  drift  angle  of  the  ship  when  the  rudder  of  rudder  area  ratios 
1/50  and  1/60  were  used  (Figure  22-2).  Using  these  results,  we  can  get,  while  the  ship  is 
turning  steadily  by  the  helm  angle  of  35  deg,  the  true  angle  of  incidence  of  Lhe  rudder  of  helm 
angle  35  deg  for  the  ship  of  block  coefficient  0.7  and  0.8,  and  rudder  area  ratio  of  1/50  and 
1/60,  respectively,  as  are  shown  in  Table  5.  That  is,  we  can  see  that,  even  in  the  steady 
turning  by  the  helm  angle  of  35  deg,  the  angle  of  incidence  to  the  rudder  is  less  Lhnn  15  deg. 
Considering  the  fai  ts  shown  in  Figure  20,  we  can  say  thaL  the  best  rudder  area  depends  on 
the  characteristics  of  the  rudder  itself. 


TAW,  I)  5 


Clock  Coefficient 
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/ 

0.8 
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L 
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2.5 

Helm  Angle  (degree) 

a 

35 

35 

Rudder  Area  Ratio 

A 

,  a 

L  xd 

1/50 

1/50 

1/50 

1/50 

Aspect  Ratio 

H 

1.40 

1.68 

1.40 

i  .68 

Radius  of  Turning 

Circle  (in) 

Po 

7  77 

3.88 

2.50 

2.88 

Figure  21 

Drifting  Angle  at 

C.G.  (degree) 

^0 

14.5 

12.5 

19.5 

17.4 

Figure  22-2 

Drifting  Angle  at 

Rudder  Position  (degree) 
Real  Slip  Ratio  of 

Propeller 

32.8 

29.0 

_ 

41.5 

37.5 

s 

0.35 

0.40 

Correction  Angle  Due  to 

S(  degree) 

7.4 

6.7 

9.2 

8.8 

Incidence  Angle  of  Flow 
to  Rudder  (degree) 

9.6 

12.7 

2.7 

6.3 
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Figure  22-2  —  Drift  Angle  at 
35  Degrees  of  Helm  Angle 


2.7  CONSIDERATION  OF  THE  CONVENTIONAL 
METHOD  OF  RUDDER  DESIGN 

For  example,  in  order  to  decide  the  diameter  of  the  rudder  shaft,  we  have  to  know  first 
the  normal  pressure  F  and  the  distance  of  the  center  of  the  pressure  from  the  leading  edge  of 
the  rudder.  There  nre  many  formulas  which  give  these  values.  Most  of  them  are,  however, 
represented  by  the  following  formula: 

,,2  . 

r  58.8  /IV  x  sin  a  equation  by  Beaufoyl 

v  in  Kg.  M.S.  unit 

xC  (0.195  i  0.305  sina)6’  equation  by  Joessel  J 

where  V  is  the  uniform  velocity  to  the  rudder, 

/I  is  the  rudder  area, 

C  is  the  chord  length  of  the  rudder,  and 
a  is  the  rudder  angle. 

!‘  is  very  convenient  in  this  formula  to  relate  V’  to  the  ship’s  speed  F  .  That  is,  substituting 
V  (i  -i  k)  Vs,  /c  is  an  empirical  factor,  and  expressing  the  normal  pressure  and  the  rudder 
torque  by  the  form  of  coefficients,  we  will  get  the  following  formula: 

F 

C -  -  58.8  (1  r  k)2  sin  a 

AV2 

S 

Cy  =  ~  -  CS  X  (X  -  X0) 

C  A  V  2 

5 

where  xg  is  the  ratio  of  the  distance  of  the  center  of  the  rudder  stock  from  the  leading  edge 
to  the  chord  length  C  of  the  rudder.  The  empirical  factor  k  differs  according  to  the  different 
shipyards  which  design  the  rudder,  and  was  found  to  range  between  0.05  and  0.15  by  the 
investigation  of  the  Idudder  Committee  of  the  Marine  \ssociation.  In  this  empirical  formula, 
we  cannot  take  account  of  the  effects  of  C b,  ic,  s,  and  i)  separately.  Ml  of  these  effects  are 
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represented  by  only  one  empirical  factor  k.  Also  as  for  the  position  of  the  center  of  pressure, 
the  effects  of  the  slip  ratio  s  and  ft  are  entirely  disregarded.  CN'  and  by  these  expressions 
are  shown  in  Figure  23  by  broken  lines. 

Now,  let  u 3  compare  the  result  of  our  experiment  with  these  values.  Substituting  the 
relations  1  -  s  =  VAD/NPE,  and  1  -  w  =  VAD/V^  in  the  expression  CN  =  F/%pA  NP^  which 
is  used  in  Figures  15  and  17  to  express  the  normal  pressure  coefficient  from  the  result  of  our 
experiment,  we  will  get  the  relations: 


<v- 


r  '  - 

= 


F  1 

- r  =  ~  P  cn  (“»  £>  s) 

AV2  2 

M 


(r t) 


CAV2 


=  Cn'(x~x o) 


S 

In  order  to  compare  the  experiment  results  with  the  calculated  value  by  the  conventional 
formula,  we  have  to  know  first  the  value  of  u,  and  s,  and  then  calculate  the  value  of  and 
C y,  getting  the  value  of  CN  from  Figure  17-1,  corresponding  to  the  slip  ratio  s  and  the  asp>ecl 
ratio  ft.  The  value  of  (1  -  ic/1  -  s)2  depends  mainly  on  the  ship  form,  and  we  will  calculate 
these  values  for  the  general  cargo  ship  of  C b  -  0.7  and  oil  tanker  of  C b  =  0.8.  See  Table  6. 

In  general,  both  u  and  s  increase  as  the  ship 
form  becomes  fuller,  and  so  the  value  of 
(1  —  tc/ 1  -  s)2  does  not  change  remarkably  as  a 
result.  As  is  guessed  from  Table  6,  we  can 
even  assume  this  value  to  be  constant  1.27 
without  serious  mistake.  Using  this  value 
1.27  for  (1  -u/l  -.s)2,  we  calculated  the 
values  of  Cv'and  Cy  for  two  cases  of  Cj  x  «  =0.7  x  0.35,  and  0.8  x  0.40  when  ft  is  1.80,  and 
showed  them  by  solid  lines  in  Figure  23.  Here,  x0  is  taken  as  0.295  always  and  the  value  of 
x  is  shown  in  Figure  23.  From  this  figure,  we  can  see  that  C^'is  remarkably  underestimated, 
even  if  k  in  the  formula  is  taken  as  0.15.  As  the  center  of  pressure  from  the  formula  is  also 
quite  different  from  that  of  the  experiment  result,  the  rudder  torque  coefficient  Cy  is  much 
smaller  than  the  actual  value  lor  the  case  of  large  helm  angle  as  well  as  for  the  case  of 
overbalance  condition.  When  this  formula  is  used,  we  must  note  this  fact:  Taking  the  case 
of  general  cargo  ship  (s  =0.35,  8  =  1.8)  and  helm  angle  of  35  deg  as  an  example,  if  we  want 
to  get  the  value  Cy'from  this  empirical  formula  and  make  this  value  agree  well  with  the  result 
of  the  experiment,  we  have  to  take  the  value  of  k  as  large  as  0.30.  This  fact  shows  us  more 
clearly  that  we  have  to  be  very  careful  in  the  usage  of  the  conventional  formula  in  rudder 
design.  Of  course,  when  the  rudder  is  steered  to  a  certain  angle,  the  ship  wiil  have  some 
drift  angle  which  will  act  to  reduce  the  incidence  angle  to  some  extent,  and  make  the  torque 
a  little  less  than  the  value  given  by  Figure  23.  In  the  design,  however,  we  had  better 
neglect  this  reduction. 


TABLE  6 


Ck 

t c 

s 

(1  -  w/\  -  s)2 

0.7 

0.27 

0.35 

1.27 

0.8 

0.32 

0.40 

1.27 

91 


Figure  23  —  Comparison  with  the  Calculated  Values  by  Conventional  Formula 
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2.8  CONSIDERATION  OF  RUDDER  TORQUE 
RECORDED  ON  SEA  TRIAL 


Now  we  like  to  investigate  the  applicability  of  our  design  data  to  the  actual  case  of 
ship  rudder.  The  left  and  the  right  columns  in  Figure  24  show  the  time  history  of  the  rudder 
torque,  measured  on  each  5  ships  by  the  magneto-striction  type  torsion  meter,  by  the  Ship 
Performance  Division  and  Hidachi  Technics  Research  Institute,  respectively.  As  these  are 
all  the  general  type  of  cargo  ships,  we  assume  that  they  can  be  represented  by  one  ship  as 
follows,  for  simplicity: 


Block  coefficient 

0.7 

Wake  factor 

27  percent 

Drift  angle  at  the  position  of  the  rudder 

3  deg 

Rudder  thickness  ratio 

18  percent 

Slip  ratio,  a 

35  percent 

Correction  of  angle  for  a 

1  deg 

Density  of  salt  water,  p 

1.025  x  101.1 

Real  drift  angle 

2  deg 

(Rudder  section  is  symmetrical  airfoil  type) 

Using  these  values,  Table  7  is  obtained  from  Figure  17.  Then  the  torque  M  can  be  calculated 
by  the  following  formula: 

)2Cn  (x  -  *0)  CAV *  =  CN'{x  -  *„)  CAV? 

The  results  of  these  calculations  are  given  in 
Table  8  and  plotted  in  Figure  24  at  the  time 
when  steering  was  just  finished.  The  mark  0 
shows  the  case  when  the  drift  angle  is 
assumed  to  be  3  deg.  As  found  from  Figure  24, 
these  values  agree  comparatively  well  with  the  measured  values,  except  for  the  case  of  the 
NICHIYO-MARU.  Accordingly,  from  the  practical  point  of  view  of  designing  the  rudder,  we 
can  consider  as  follows: 

1.  In  the  general  merchant  ship,  for  the  purpose  of  evaluation  of  the  rudder  torque,  we  can 
use  the  value  of  C N  and  x  of  deeply  immersed  rudder,  taking  the  rudder  area  as  it  is, 
disregarding  the  offset  of  the  depth  of  immersion. 

2.  We  can  disregard  the  small  drift  angle  to  the  rudder  which  takes  place  right  after  the 
steering  is  finished. 

3.  If  we  want  to  use  the  formula  of  Beaufoy-Joessol,  0.30  should  be  adopted  as  the  value 
of  the  empirical  factor  k. 


TABLE  7 


a 

n  ' 

°/V 

X 

35  deg 

33  deg 

55.1 

53.5 

0.378 

0.365 
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TABLE  8 


Center  of 

Twist.  Mt. 

Ship  Name 

Chord 

Rudder 

Rudder 

Ship 

M-Ton 

Length 

Stock 

Area 

Speed 

Drift  Angle 

C(m) 

*0 

A(m)2 

FJm/s) 

2  deg  (real) 

S  7.87 

mmm 

KUNISHIMA-MAR'J 

3.05 

0.289 

16.31 

P  6.89 

S  8.64 

■ 

RYUZAN  -MARU 

3.05 

0.289 

16.31 

P  8.59 

mam 

15.27 

S  3.23 

n.i 

NICHIYO  -MARU 

2.94 

0.297 

P  7.92 

10.2 

S  7.77 

8.4 

SH  IN  SE 1  -MARU 

3.05 

0.312 

16.04 

P  5.55 

4.3 

S  8.28 

13.8 

WAKO  -MARU 

3.05 

0.289 

16.31 

P  8.28 

13.8 

mmm 

■Tini 

GINKO  -MARU 

2.71 

0.273 

13.22 

fcil 

■m 

S  7.30 

10.1 

NIKKO  -MARU 

3.25 

0.308 

19.01 

P  7.72 

11.2 

S  7.41 

8.9 

YUKO  -MARU 

2.66 

0.276 

12.73 

P  7.54 

9.2 

YAMAZATO-MARIJ 

0.282 

16.11 

S  7.10 

P  7.54 

■EH 

sis 

I 

S  7.20 

SB 

TAIYU  -MARU 

1 

0.289 

15.91 

P  7.61 

n.i 

As  shown  in  the  torque  curves  of  Figure  24,  a  sharp  hump  appears  right  after  the  steor- 
ing  finishes.  This  is  very  natural  becauso  the  normal  pressure  decreases  suddonly  as  the 
results  of  the  abrupt  increaso  of  tho  drift  angle  which  happens  right  aftor  the  steering  is 
settled.  In  short,  this  peak  is  merely  tho  one  which  comes  from  the  large  value  of  the 
incident  angle  that  exists  for  only  a  short  perioc1  of  time. 

2.9  MISCELLANEOUS 

2.9.1  EFFECT  OF  SCREW  PITCH  RATIO 

It  seemed  possible  to  neglect  this  effect,  at  least  in  the  range  of  pitch  ratio  of  0.7— 0.9. 

2.9.2  EFFECT  OF  WAKE  DISTRIBUTION  AND  EFFECT 
OF  DEPTH  OF  RUDDER  IMMERSION 

As  already  shown  in  the  results  of  the  sea  trial,  these  apparently  have  little  effect  in 
the  calculation  of  the  rudder  torque.  The  effect  of  the  depth  of  immersion  is  treated  in  Part  3. 
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2.10  APPLICA3I LITY  OF  RESULT  OF  THIS  EXPERIMENT 


The  screws  and  rudder,  which  are  used  in  this  experiment,  and  their  relative  position 
correspond  to  that  of  the  general  merchant  ship  or  the  super-oil-tanker  of  full  block  cooffioiont. 
Accordingly,  we  cannot  apply  those  results  from  the  ship  which  has  extraordinary  values  in 
its  rudder  thickness  ratio  or  number  of  revolutions  of  the  main  shaft,  that  is,  to  the  ship  which 
has  the  abnormal  relation  between  the  propeller  diameter  and  the  rudder  dimensions. 

2.11.  CONCLUSION 

The  author  believes  that  we  made  clear  two  points  which  we  intended  to  do,  as 
mentioned  in  the  Introduction.  That  is,  he  believes  wo  made  clear  that  the  best  rudder  area 
depends  on  the  characteristics  of  the  rudder  itself,  and  that  wo  could  offer  the  design  chart 
for  the  rudder,  by  which  it  is  possible  to  consider  the  effect  of  wake  of  the  ship  hull  and 
also  the  effect  of  slip  ratio  of  the  screw. 


96 


PART  3 


EFFECTS  CF  THE  DEPTH  OF 
SUBMERGENCE  OF  THE  RUDDER  ON  ITS  PERFORMANCE 

3.1  INTRODUCTION 

The  design  chart  which  we  have  already  offered  ic  for  the  deeply  immersed  rudder. 

The  fact  that  the  rudder  torque  calculated  by  this  chart  agrees  comparatively  well  with  the 
rudder  torque  measured  in  the  actual  ship  is  already  shown  in  Part  2,  using  some  examples. 
However,  as  the  depth  of  immersion  of  the  rudder  is  usually  not  so  large  in  general  cases,  it 
is  unreasonable  to  use  this  chart  to  calculate  the  characteristics  of  the  rudder  which  is  not 
immersed  deeply.  The  fact  that  they  agreed  fairly  well,  seemed  to  come  from  some  other 
reason.  Here,  we  performed  again  a  systematic  series  of  model  experiments  to  find  these 
reasons.  This  part  reports  these  results. 

3.2  MODEL  RUDDERS  AND  PROPELLERS  USED 

Three  model  rudders  used  in  this  experiment  wore  selected  from  the  five  rudders 
mentioned  in  Part  1,  and  the  aspect  ratios  are  respectively  1.12,  1.40,  and  1.68.  The  model 
screw  is  one  of  the  three  model  screws  also  mentioned  in  Part  1,  and  the  pitch  ratio  is  0.8. 

3.3  SETUP  AND  RESULT  OF  EXPERIMENT 

The  experimental  setup  is  the  same  as  that  described  in  Part  2,  but  the  depth  of 
immersion  was  varied. 

Because  the  performance  of  the  rudder  can  be  affected  by  the  direction  of  turning,  port 
or  starboard,  when  it  is  not  sufficiently  immersed,  we  carried  out  the  tests  of  the  turning  on 
both  sides  in  this  series  of  experiments,  whereas  in  the  experiments  in  Part  2,  when  the 
rudder  was  sufficiently  immersed,  we  tested  port  side  only.  We  showed  the  results  of  our 
measurement  in  Figure  25  in  the  form  of  the  normal  pressure  coefficient. 

3.4  CONSIDERATIONS  ABOUT  RESULT  OF  EXPERIMENT 

3.4.1  RELATIONS  BETWEEN  NORMAL  PRESSURE  OF  RUDDER  AND 
DEPTH  OF  IMMERSION 

Figure  26  shows  the  effects  of  the  depth  of  immersion  on  the  normal  pressure  coefficient 
of  the  rudder,  which  were  obtained  from  Figure  25.  Figure  27  shows  the  relations  between 
Cy/Cj/co  aT,(^  7/25,  in  order  to  help  understand  the  depth  of  immersion.  Symbol  <x>  shows  the 
case  when  the  depth  of  immersion  is  big  enough.  That  is,  as  found  from  Figure  27,  except  in 
some  special  cases  the  effect  of  the  depth  of  immersion  on  the  rudder  seems  to  disappear 
when  I/2b  becomes  larger  than  about  0.9.  As  is  easily  found  from  Figure  27,  also  the  effect 
of  the  depth  of  immersion  increases  as  the  slip  ratio  of  the  propeller  becomes  larger. 
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(Text  continued  on  page  105.) 


Figure  25  -  Normal  Pressure  Coefficient  When  Rudder  Depth  Varied 
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Figure  25-1 


HELM  ANGLE 


Figure  26-1  —  Effect  of  Immersion  upon 
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Figure  26-2  -  Effect  of  Immersion  upon  CN  (0  =  1.40) 
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Figure  26-3  —  Effect  of  Immersion  upon  CN  Q3  =  1.68) 
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Figure  27  -  Effect  of  Immersion  upon 


For  the  general  merchant  ship,  for  example,  C ^  decreases  by  35  percent  compared 
with  ,  if  //26  is  assumed  to  be  0.5  (trial  condition)  and  s  is  assumed  to  be  35  percent. 
In  short,  we  cannot  disregard  the  reduction  of  the  normal  pressure  of  the  rudder  by  the  effect 
of  the  depth  of  immersion,  especially  when  the  rudder  is  not  deeply  immersed. 

3.4.2  RELATION  BETWEEN  CENTER  OF  PRESSURE  AND  DEPTH  OF 
IMMERSION  OF  RUDDER 

Figure  28  shows  the  relation  hetween  the  position  of  the  center  of  pressure  and  the 
depth  of  immersion  of  the  rudder,  which  was  obtained  by  the  experiment.  The  solid  line  in 
the  figure  corresponds  to  the  case  when  the  depth  of  immersion  is  large  enough,  and  is 
identical  with  the  one  that  is  already  reported  in  Part  2.  From  this  figure  we  find  that  the 
center  of  pressure  moves  aft,  according  as  the  depth  of  immersion  becomes  smaller. 

3.4.3  RUDDER  TORQUE 

As  mentioned  above,  when  the  depth  of  immersion  is  not  enough,  the  characteristics 
of  the  rudder  deviate  from  that  of  the  deeply  immersed  rudder.  Then,  how  do  wo  explain 
the  rudder  torque  changes? 

According  to  our  way  of  expression,  the  normal  pressure  F  of  the  rudder  is  shown  by 
the  following  formula: 

1  /I  -  tv 

F=-p(26)2  V*(  — 

Accordingly,  the  ratio  of  the  rudder  torque  with  that  of  the  deeply  immersed  rudder  is 
expressed  as  follows: 


"*3 

- - 

N 

1 

o 

fCN  \ 

'L  ^(*00- xo)  1 

W,vJ 

U«- v 

Here,  the  symbol  <»  shows  the  case  of  deeply  immersed  rudder. 

The  effect  of  immersion  upon  the  rudder  torque  will  become  clear  if  wo  take  an 
example  as  follows: 

Taking  a  case  of  an  ordinary  cargo  ship  in  trial  condition  and  assuming  t’nai: 


Depth  of  immersion  of  the  rudder,  lAlb 

0.5 

Aspect  ratio  of  tire  rudder,  fi 

1.5-1. 8 

Position  of  the  center  line  of  the  stock 

from  toe  leading  edge,  xQ 

0.295 

Slip  ratio  referred  to  effective  Ditch  PF ,  s 

35  percent 

Helm  angle,  a 

30  deg 

i 
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Figure  28-1  —  Center  of  Pressure  When  Depth  Is  Varied  (/S  =  1.12) 
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aw 


Figure  28-3  -  Center  of  Pressure  When  Depth  Is  Varied  (/9  =  1.68) 
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then  we  will  get, 


C/y/C^y^  ?  0.65  see  Figure  27 
x  =  0.38  see  Figure  28 
xao  ~  0.35  see  Figure  17  (or  Figure  23) 

Therefore,  the  ratio  of  the  rudder  torque  will  become: 

M  CN  x  ~  xo  n  0.085  .  .  „ 

-  =  -  x  -  =  0.65  x  -  =;=  1.0 

M oc  ^ x oo  ~  Xq  0.055 

That  is,  even  though  the  characteristics  of  the  rudder  change  considerably  with  the  change 
of  the  depth  of  immersion,  the  rudder  torque  does  not  change  so  much,  in  general,  when  the 
rudder  angle  is  large.  This  is  because  the  effect  of  the  reduction  in  the  normal  force  and  the 
increase  of  the  distance  of  the  center  of  pressure  from  the  leading  edge  cancel  out  each  other 
and  apparently  give  the  same  torque.  Now,  we  know  the  reason  for  the  good  agreement  of  the 
rudder  torque  of  the  actual  ship  with  that  of  the  deeply  immersed  rudder  as  we  mentioned  in 
the  Introduction,  3.1. 

3.4.4  EFFECT  OF  STEERING  DIRECTION 

It  can  be  imagined  that  the  performance  of  the  rudder  will  he  different  when  steer¬ 
ing  to  starboard  or  port,  and  this  will  also  be  affected  by  the  difference  in  the  depth  of 
immersion  of  the  rudder  when  the  rudder  is  working  behind  the  screw.  Wo  can,  somewhat, 
investigate  the  effect  of  the  turning  side  (port  or  starboard)  upon  the  performance  of  the 
rudder,  using  the  test  results  shown  in  Figure  25,  but  the  details  about  this  problem  will  bo 
omitted  here. 


GENERAL  CONCLUSIONS 

The  most  important  results  obtained  from  these  three  series  of  experiments  described 
in  Parts  1,  2,  and  3,  respectively,  are: 

1.  The  best  rudder  area  exists,  at  least  for  the  general  merchant  ship,  and  from  the 
limitation  of  the  draft,  the  best  rudder  area  ratio  A/L  •  rfis  usually  about  1/45  corresponding 
to  the  aspect  ratio  of  about  1.2. 

2.  Increase  of  the  maximum  helm  angle  is  more  effective  for  improvement  of  maneuverabil¬ 
ity  than  is  increase  of  the  rudder  area  only.  The  author  believes  that  the  maximum  helm  angle 
can  be  increased  to  about  45  deg. 
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3.  The  reason  the  optimum  rudder  area  exists  in  the  general  ship  is  as  follows:  Even  in 
case  of  the  turning  by  large  holm  angle,  the  true  angle  of  incidence  of  the  stream  to  the  rudder 
during  the  steady  turning  is  considered  to  be  very  small  (say,  about  10  deg).  The  rauio 
Cft/B  of  the  normal  pressure  coefficient  to  the  aspect  ratio,  which  decides  the  rudder  force 

F,  takes  the  maximum  value  only  in  case  of  such  a  small  angle  of  incidence.  The  correspond¬ 
ing  aspect  ratio  is  about  1.2. 

4.  The  effect  of  the  depth  of  immersion  of  the  rudder  disappears  when  the  depth  of 
immersion  I/2b  is  about  0.9.  As  the  depth  of  immersion  decreases,  the  rudder  force  decreases 
considerably,  and  this  tendency  is  larger  at  the  larger  propeller  slip  ratio.  Moreover  the 
position  of  the  center  of  pressure  tends  to  move  gradually  aft.  As  for  the  rudder  torque, 
these  two  effects  cancel  out  each  other,  and  consequently  no  apparent  difference  is  produced 
by  the  difference  in  the  depth  of  immersion. 
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DISCUSSIONS 


S.  Bindel: 

I  should  like  to  present  three  remarks  regarding  Part  1  of  this  interesting  paper.  The 
first  concerns  the  comparison  between  model  and  ship  turning  circles.  If,  for  a  single-screw 
ship  or  for  a  twin-screw  and  twin-rudder  ship,  a  balance  may  exist  between  the  scale  effect 
due  to  the  nonrespect  of  the  Reynolds  number  and  the  scale  effect  due  to  the  nonrespect  of 
the  propeller,  this  is  not  exact  for  a  twin-screw  ship  with  one  rudder,  because  interactions 
between  propeller  and  rudder  are  small.  In  this  case  we  generally  find  that,  for  a  given 
rudder  angle,  the  turning  diameter  of  the  actual  ship  is  smaller  than  the  diameter  of  the  model: 
the  difference  is  often  up  to  10  percent. 

The  second  remark  concerns  the  speed  reduction  in  turning.  This  reduction  depends  on 
the  type  of  engine  driving  the  propeller.  For  example,  if  nothing  is  changed  on  the  control-gear 
of  the  engine,  the  torque  (for  a  motor),  or  the  power  (for  a  turbine),  or  the  rpm  (for  an  excited- 
field  d-c  motor)  may  remain  constant.  For  a  valuable  mmnnrisnn.  mode!  experiments  have  to 
bn  carried  out  in  the  same  conditions.  This  is  not  generally  the  case  if  the  model  is  free;  on 
the  contrary,  under  a  rotating  arm  it  is  possible  to  realize  any  condition. 

My  last  remark  concerns,  for  a  single-screw  ship,  the  difference  in  turning  performance 
to  port  and  to  starboard.  An  explanation  may  be  the  following:  generally,  on  a  ship  of  this 
type,  streamlines  go  up  at  the  stern  of  the  hull;  there  is  an  upward  component  of  the  velocity 
in  the  disk  of  the  propeller.  For  a  right-handed  propeller,  the  angle  of  incidence  on  a  blade 
and  therefore  the  thrust  is  increased  on  starboard  and  decreased  on  port;  even  with  a  zero 
rudder  angle,  the  ship  then  tends  to  turn  to  port. 


R.  N.  Newton: 

I  thought  that  the  authors  might  have  given  some  more  useful  information  about  another 
parameter  which  affects  the  TD/L.  and  this  is  what  we  call  the  area  of  the  cut-up.  Now  in 
this  series  of  experiments  this  area  of  the  cut-up  do°s  not  change.  Comparing  one  ship  with 
another  when  the  areas  under  the  stern  profiles  are  very  differert.  there  can  be  a  large  effect 
on  this  ratio  TD/L.  This  was  proven  bv  a  gentleman  I  mentioned  yesterday,  Mr.  Wigley,  who 
carried  out  an  investigation  for  us  many  years  ago.  Fortunately  I  brought  his  formula  along. 
In  effect,  Wigley  took  the  results  of  40  warships  and  analyzed  them  (there  were  23  of  them 
which  were  of  similar  form),  and  he  obtained  a  straightforward  formula  from  which  one  could 
obtain  the  TD/L  very  approximately,  which  would  certainly  enable  the  designer  to  compare 
two  ships.  The  formula  reads  like  this: 

TD/L  =  0.00823  (LD-AC)  L/ArIL 

I  would  close,  in  the  hopes  that  the  author  will  accept  these  comments  to  the  paper. 


Ill 


H.  E.  Saunders: 


I  should  like  to  complement  what  Mr.  Newton  has  just  said.  I  think  that  all  of  us  should 
appreciate  perhaps  a  little  better  than  we  do,  the  reasons  for  some  of  these  things.  Mr.  Newton 
knows,  but  didn’t  say  so,  that  the  pressure  field  developed  by  the  rudder,  differential  positive 
pressure  on  one  side  and  the  negative  pressure  on  the  other  side,  extends  to  the  hull,  so  that 
a  considerable  amount  of  the  lateral  force  which  produces  the  turn  is  exerted  on  the  hull,  but 
rarely  is  p'l  of  it  exerted  on  the  rudder.  I  haven’t  had  an  opportunity  of  studying  Dr.  Shiba’s 
paper  sufficiently  to  know  whether  that  was  taken  into  account  or  not.  Mr.  Newton  says, 

“the  area  of  the  hull  in  the  vicinity  of  Dr.  Shiba’s  rudders  is  constant  so  that  whatever  the 
factor  is,  it  is  the  same  except  for  the  fact  that  different  rudders  of  different  sizes  and  laid 
at  different  angles  produce  different  pressure  fields  and  different  pressure  intensities.” 

Some  experiments  which  have  been  run  at  TMB  show  that  in  a  modern  ship  with  a  rud¬ 
der  of  a  little  different  type  than  this  one,  one-third  of  the  total  lateral  pressure  at  the  stern 
is  exerted  on  the  hull  and  only  two-thirds  by  the  rudder.  1  haven’t  made  any  studies,  but  1 
am  convinced  that  in  the  old-time  sailing  ships,  where  the  rudder  was  simply  a  narrow  plank 
extending  up  and  down  at  the  stern  (it  couldn’t  be  very  large  because  one  or  two  men  had  to 
handle  it)  up  to  4/5  of  the  total  lateral  force  was  exerted  on  the  stern  of  the  ship  and  only 
1/5  on  the  rudder.  That  is  admittedly  a  guess,  but  almost  ever'  case  we  have  found,  regard¬ 
less  of  the  type  of  the  hull,  unless  the  hull  is  absolutely  flat  under,  eath  and  the  rudder  is 
separated  from  it  at  a  distance,  that  some  considerable  portion  of  the  lateral  force  that  causes 
the  shin  to  turn  is  exerted  on  the  hull,  not  on  the  rudder,  but  by  the  pressure  field  created  by 
the  rudder. 

Now  to  supplement  what  Mr.  Bindei  said  about  reasons  why  a  single-screw  ship  with  a 
right-handed  propeller  has  to  carry  right  rudder  to  handle  it  in  a  straight  course  and  keep  its 
heading.  As  pointed  out  by  Professor  llovgatH  back  about  1942,  the  reason  why  the  ship 
wants  to  swing  with  its  head  to  port  is  not  because  of  the  excess  thrust  executed  on  the 
right-hand  blade  on  the  starboard  side  of  the  ship  (and  there  is  a  great  deal  of  excess  thrust 
exerted  on  the  right-hand  blade)  but  that  the  differential  pressure  set  up  by  those  blades 
working  at  a  large  angle  of  incidence  causes  a  greater  reduction  of  pressure  on  the  starhoard 
side  of  the  hull  than  it  does  on  the  port  side.  The  reduction  of  pressure  acts  with  the  mo¬ 
ments  from  the  c.g.  to  the  stem,  whereas  the-increased  thrust  on  the  starboard  blade  acts  with 
a  very  small  moment.  Professor  Hovgaard  has  brought  this  out,  and  I  think  it  is  quite  conclu¬ 
sively  proved  that  the  turning  moment  on  the  ship  is  developed  by  the  greater  numerical  reduc¬ 
tion  of  pressure  on  the  starboard  side  of  the  afterbody  than  on  the  port  side  of  the  afterbody. 
The  whole  side  of  the  hull  is  subjected  to  that  reduced  pressure  and  the  ship  wants  to  move 
over,  as  shown  by  diagrams  in  my  book  ( Hydrodynamics  in  Ship  Design,  Vol.  1)  under  the  sec¬ 
tion  entitled  Hovgaard  effects.  (We  actually  decided  to  name  this  section  before  Professor 
Hovgaard  left  this  world.) 
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The  fact'that  the  ship  does  carry  starboard  rudder  with  right-hand  propeller  is  impor¬ 
tant  because  it  comes  up  also  in  the  spiral  test  (the  Dieudonne  test).  If  you  run  a  test  on  a 
ship  with  a  positive  stability  of  route,  you  get  one  graph  when  you  plot  the  rate  of  change  of 
heading,  against  rudder  angle,  but  that  graph  does  not  pass  through  the  zero  point.  In  other 
words,  it  indicates  that  when  the  rate  of  change  of  heading  is  zero  (when  the  ship  is  not 
swinging),  two  or  three  degrees  right  rudder  is  needed.  Admiral  Dieudonne  may  have  pointed 
that  out  about  11  years  ago  with  circulars  his  institution  put  out. 


J.  P.  Breslin: 

I  wondered  whether  the  break  in  the  curve  of  normal  force  coefficient  versus  angle  of 
attack  is  attributed  to  %  entilation  of  the  rudder,  or  is  it  due  to  partial  separation?  I  would 
like  to  comment  with  regard  to  some  observations  which  were  made  on  a  program  run  by  the 
NACA  (now  NASA)  and  one  which  was  run  at  the  Davidson  Laboratory  under  the  NACA  spon¬ 
sorship  on  the  phenomena  of  aeration  or  ventilation.  (Captain  Saunders  has  another  word  for 
this.) 

My  reason  for  bringing  this  up  is  that  it  has  a  bearing  on  the  usability  and  interpreta¬ 
tion  of  model  data  for  such  things.  We  found  out  that  if  a  surface-piercing  strut  is  run  at 
various  yaw  angles,  or  angles  of  attack,  it  is  like  a  rudder  that  is  partially  emerged.  Struts 
of  aspect  ratios  (span  divided  by  the  chord)  varying  from  2  down  to  hi  were  run.  (Lift 
coefficients  versus  angle  of  attack,  a,  were  plotted.)  During  the  tests  at  an  angle  of  attack 
of  about  18  to  20  degrees,  we  would  observe  almost  spontaneous  or  rapid  injection  of  air  or 
ventilation.  We  found  out  that  if  you  make  a  plot  of  the  lift  coefficients  versus  angle  of 
attack,  a  ,  the  curve  increases  at  approximately  one  slope  and  then  there  is  a  jump  down  and 
the  curve  would  then  rise  again  at  a  different  slope.  In  certain  cases  the  drop  would  amount 
to  anout  one-third  of  the  original  magnitude.  The  people  at  NACA  wore  able  to  relate  the 
occurrence  of  the  ventilation  wiin  the  appearance  of  separation  on  the  section;  that  is,  they 
found  that  if  they  had  a  dead-water  region  on  the  lee,  or  suction  side  the  dead-water  region 
behaved  as  though  it  were  statically  replaced  by  air. 

The  foregoing  raises  the  nuestion  as  to  the  legitimacy  of  such  experiments  on  rudders 
fwhere  one  is  married  by  the  Fronde  numbers  to  operate  at  low  speeds)  because  the  separation 
phenomenon  on  rounded  leading  edges  is  expected  to  be  Reynolds-number  dependent,  and  you 
could  get  separation  on  a  model.  It  is  of  course  known  that,  for  large  aspect  ratios,  stalling 
occurs  at  very  small  angles  of  attack  at  very  low  Reynolds  number.  Luckily  low-aspect- 
ratio  rudders  are  not  as  sensitive  to  Reynolds  number. 

Moreover,  another  phenomenon  which  is  not  shown  by  Dr.  Shiba’s  paper  is  that  after 
having  generated  an  aerated  pocket  if  the  rudder  angle  is  then  decreased  the  lift  curve  closes 
back  (hysteresis  loop)  at  a  point  (a)  depending  on  the  Froude  number.  As  we  increase  the 
Froude  number  (b»scd  on  the  chord  of  the  foil),  the  closing  points  move  back  progressively, 
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seemingly  to  approach  a  limit,  so  that  perhaps,  at  some  infinite  Froude  number,  we  might  have 
a  condition  where  there  is  no  further  reduction  in  a.  So  I  think  that  with  rudders  which  are 
piereing  the  surfaee,  or  perhaps  near  the  surfaee,  where  there  is  a  possibility  of  aeration  it 
must  be  borne  in  mind  that  there  are  two  regimes  whieh  you  can  operate  in  and  the  eondition 
under  whieh  these  two  regimes  will  be  obtained  may  well  depend  on  the  scale. 


S.  C.  Gover: 

I  would  like  to  ask  Dr.  Shiba  if  he  has  made  any  tests  in  which  he  increased  the  rudder 
area  without  changing  the  aspect  ratio,  in  comparison  with  changing  the  area  and  the  aspect 
ratio  simultaneously  as  in  these  studies?  In  this  case  he  kept  the  span  constant;  therefore, 
to  increase  the  area  he  had  to  increase  the  chord.  Consenuently,  there  are  two  variables 
shown  here  and  I  am  curious  whether  there  are  any  material  differences  in  the  tactical  diam¬ 
eter  or  normal  force  coefficients  whieh  might  have  been  shown  in  comparative  tests. 

There  is  one  short  eomment  in  regard  to  the  unstable  flow  regime.  In  free-running  model 
tests,  we  have  run  into  this  so-ealled  rudder  breakdown  phenomenon.  In  trying  to  duplicate 
a  problem,  we  are  uncertain  whether  we  are  going  to  get  a  large  tactical  diameter  or  a  small 
tactical  diameter;  in  one  case  rudder  breakdown  occurs,  and  again  under  what  seem  to  be 
identical  conditions  there  is  no  breakdown. 


A.  Taplin: 

I  have  just  two  ouestions  to  ask  the  a  .thor.  One,  in  connection  with  Figure  24  which 
shows  a  comparison  for  various  ships  calculations,  is  very  simple;  are  the  torques  on  an 
actual  ship  at  sea  or  are  they  on  a  model  of  a  ship?  The  other  question,  the  drift  angle 
would  aiso  depend  on  the  rate  at  which  the  rudder  is  turned.  If  the  rudder  is  turned  instan¬ 
taneously,  you  would  get  virtually  no  drift  angle.  I  would  like  to  ask  Dr.  Shiba  what  rudder 
rate  was  used  in  these  tests;  the  angular  rate,  the  time  it  takes  for  the  angle  to  go  from  0  to 
35  degrees? 

A.  Suarez: 

Were  any  tests  made  to  determine  whether  there  was  a  region  of  directional  instability 
in  any  one  of  the  three  vessels?  Did  these  vessels  track  straight?  Were  they  dynamically 
stable?  1  have  a  suspicion  that  these  vessels  were  probably  dynamically  unstable  because 
of  their  block  coefficients.  Is  this  why  you  had  a  variation  of  highest  turning  rate  with 
inerease  in  the  block  eoeffieient? 
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Author's  Written  Closure  —  Answer  to  Captain  Saunders: 

I  appreciate  very  much  your  discussion.  When  a  ship  has  a  definite  drift  angle  in  the 
stationary  turning,  it  is  clear  that  the  lateral  force  due  to  the  rudder  becomes  very  small  be¬ 
cause  of  the  considerable  decrease  of  incidence  angle  to  the  rudder,  whereas  the  pressure 
difference  due  to  the  circulation  around  the  hull  developed  by  the  drift  angle  becomes  very 
large.  Therefore  it  is  quite  natural  to  get  different  turning  character  with  a  different  ship 
hull  which  has  a  cut-up  area,  for  example. 

Next,  I  would  like  to  express  a  little  different  opinion  from  yours  as  to  why  a  single¬ 
screw  ship  with  a  right-handed  propeller  has  to  carry  right  rudder  to  handle  it  in  a  straight 
course  and  keep  heading.  In  such  a  condition,  the  differential  pressure  acting  upon  the  hull 
which  comes  from  the  circulation  around  the  hull  need  not  be  taken  into  consideration  because 
of  its  trivial  amount.  As  you  pointed  out,  it  is  true  that  the  reason  the  ship  wants  to  swing 
with  its  head  to  port  is  not  the  excess  thrust  executed  on  the  right-hand  blade  on  the  starboard 
side  of  the  ship.  This  excess  thrust  comes  from  the  upward  flow  to  the  propeller  disk  and  is 
really  very  small,  whereas  the  differential  force  between  the  upper  side  blade  and  the  lower 
side  blade  is  pretty  large  and  has  opposite  sense  compared  with  the  above-mentioned  excess 
thrust.  Therefore  this  force  makes  the  ship  swing  with  its  head  to  starboard  and  not  to  port. 

The  author  believes  that  the  reason  a  right-handed  single-screw  ship  with  the  rudder 
in  midship  has  a  tendency  to  swing  with  its  head  to  port,  as  you  pointed  out,  must  be  attrib¬ 
uted  therefore  to  the  differentia!  force  of  the  rudder  (of  zero  angle)  between  the  upper  half 
and  the  lower  half,  which  is  very  large  and  effective  and  has  the  opposite  sense  compared 
with  the  force  by  the  propeller  to  swing  with  its  head  to  starboard.  As  the  horizontal  inci¬ 
dence  angle  of  the  flow  to  the  rudder  (of  zero  angle)  on  the  upper  half  is  larger  than  that  on 
the  lower  half  due  to  the  difference  of  the  slip  of  the  blade  of  propeller  (Figure  1),  the  differ¬ 
ential  force  between  the  upper  half  and  the  lower  half  of  the  rudder  of  zero  angle  is  very 
large  and  makes  the  ship  turn  port  side.  A  detailed  numerical  explanation  is  in  my  answer 
to  Mr.  Bindel. 

Then  if  we  test  the  course-keeping  quality  of  a  right-handed  single-screw  ship  without 
rudder,  the  ship  must  be  expected  to  swing  with  its  head  to  starboard  because  of  the  nonex¬ 
istence  of  this  large  left-turning  moment  of  the  rudder  of  zero  angle.  You  may  be  convinced 
of  the  fact  if  you  notice  the  results  of  the  tests  with  the  three  models  without  rudder.  As 
shown  in  Figure  2,  all  of  them  have  a  tendency  to  turn  to  starboard. 
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Answer  to  Mr.  Newton: 


The  effect  of  the  cut-up  area  on  the  turning  of  the  ship  is  to  be  considered  as  one  of 
the  effects  of  hull  forms  on  the  turning,  like  the  block  coefficient,  rake  of  the  stem  and  bilge 
keels  (dimension  and  position). 

In  this  paper,  however,  where  the  optimum  rudder  area  was  its  main  concern,  this  was 
not  discussed  at  all. 

I  appreciate  very  much  your  explanation  about  this  problem. 

Answer  to  Mr.  Gover: 

In  case  of  the  single-screw  ship  with  single  rudder,  which  was  the  main  concern  in 
this  paper,  if  we  increase  the  rudder  area,  keeping  the  aspect  ratio  constant,  the  lower  edge 
of  the  rudder  will  come  lower  than  the  sole  piece,  and  it  is  not  practical.  For  this  reason,  I 
did  not  make  this  variation  in  the  main  series  of  the  tests. 

In  a  certain  twin-screw  ship  with  single  rudder,  however,  i  tried  this  variation;  Fig¬ 
ure  3  shows  the  results.  In  this  case,  as  is  clear  from  the  relation 

F=  ±  p  A  V2Cn  =i  g(26)2  V2Cn/«, 


Model  Test  Results 


Degrees 
Figure  3 
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if  we  increase  the  rudder  area,  keeping  the  aspect  ratio  8  constant  (namely,  keeping  the  sim¬ 
ilarity  of  the  shape),  the  C^/fi  stays  constant;  accordingly  the  rudder  force  F  will  increase 
linearly  with  the  increase  in  the  value  (2 6)2,  or  the  square  of  the  span  26.  Therefore  the  tac¬ 
tical  diameter,  advance,  or  the  stationary  turning  diameter  will  be  improved  corresponding  to 
this  increase  of  the  rudder  force.  However,  we  cannot  expect  so  much  improvement  because 
the  rudder  force  F  or  C N  is  usually  small  while  in  the  steady  turning  condition  even  at  helm 
angle  of  35  degrees.  As  a  result,  1  would  like  to  conclude  that  to  increase  the  rudder  angle 
would  be  more  advantageous  than  to  increase  the  rudder  area. 

By  the  experiments  with  aerofoils,  we  know  very  well  that  the  stall  angle  is  unstable 
and  sometimes  the  lift  coefficient  curve  after  stalling  takes  a  curve  of  quite  different  nature 
under  what  seems  to  be  identical  conditions. 

Even  at  the  same  incidence  angle,  the  stall  angle  and  also  the  lift  coefficient  curve 
after  stalling  take  a  different  angle  and  a  different  curve  respectively,  owing  to  whether  we  are 
increasing  or  decreasing  the  angle  to  the  definite  angle. 

Of  course  this  phenomenon  is  the  same  in  the  case  of  rudder.  However,  when  the  ship 
is  going  to  turn  by  steering,  the  stall  of  its  rudder  is  instantaneous  because  of  the  quick  de¬ 
crease  of  the  incidence  angle  following  the  quick  increase  of  the  drift  angle.  Therefore,  after 
the  ship  is  transferred  to  the  stationary  turning  condition,  the  incidence  angle  of  flow  to  the 
rudder  is  much  less  than  the  unstable  stall  angle  and  the  lift  coefficient  takes  always  a  def¬ 
inite  value.  As  a  result,  if  we  keep  the  condition  always  the  same,  we  will  get  the  identical 
value  so  far  as  the  stationary  turning  diameter  is  concerned. 

As  for  the  air-drawing  of  the  rudder,  please  refer  to  my  answer  to  Dr.  Broslin. 

Answer  to  Dr.  Breslin: 

1  dare  say  that  the  break  in  the  curve  in  Part  2  is  surely  attributed  to  the  separation  and 
not  to  the  ventilation  (air  draw).  It  is  because  the  depth  of  the  upper  edge  of  the  rudder  from 
the  free  surface  was  always  kept  to  be  equal  to  the  span  26,  deep  enough  to  avoid  the  air 
draw,  in  the  tests.  Of  course,  we  could  never  observe  the  air  draw  during  the  tests. 

1  appreciate  very  much  your  discussion  about  the  air-draw  phenomenon.  The  author 
himself  also  started  the  study  of  this  phenomenon  about  20  years  ago,  and  published  a  paper 
about  the  air  draw  of  screw  propeller  ten  years  before.  1  would  like  to  send  you  a  copy  of 
this  paper  and  would  welcome  your  comments  on  it. 

In  this  report  I  made  clear  that  for  the  occurrence  of  the  air  draw  the  separation  is  nec¬ 
essary  but  is  not  a  sufficient  condition,  and  it  depends  also  upon  the  Weber’s  number.  Also 
I  found  that  the  critical  advance  constant,  that  is  the  advance  constant  where  the  thrust  drops 

j~p  ' 

abruptly  because  of  the  air  draw,  is  a  function  of  the  Weber’s  number  W  =  nl)\J —  l),  and  the 
minimum  Weber’s  number  where  the  effect  of  the  Weber’s  number  diminishes  is  about  1.8  x 
102  (Figure  4). 
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Figure  4  —  Critical  Advance  Constant  Based 
upon  Weber’s  Number  W' 


In  gor.oral,  for  the  screw  propellers  of  actual  ships,  the  Weber’s  number  is  pretty  much 
largor  than  1.8  x  102;  accordingly  there  is  already  no  effect  of  the  W'eber’s  number. 

For  the  model  ships,  however,  usually  the  Weber’s  number  for  their  screw  propellers 
is  less  than  1.8  x  102.  Therefore  similarity  does  not  exist  between  model  and  actual  ship  so 
far  as  the  air  draw  of  screw  propellers  is  concerned.  Namely,  we  need  to  modify  or  judge  the 
results  of  self-propulsion  model  tests  considering  the  effect  of  the  air-draw  phenomenon  as  well 
as  the  effect  of  cavitation. 

The  situation  is  almost  the  same  in  the  case  of  the  rudder  tosts.  If  we  apply  the  re¬ 
sults  of  scrow  propellers  to  the  rudder,  the  minimum  Weber’s  number  is  roughly  given  by 

W  =  V  v  —  R  Z  0.15  x  102 

s  - 

where  V  is  the  velocity-of  flow  to  the  rudder, 

S  is  the  surface  tension,  and 
R  is  the  tadius  of  the  leading  edge  of  the  rudder. 

This  means,  in  order  to  keep  the  similarity  concerning  the  air-draw  phenomenon,  the  dimension 
of  the  model  rudder  should  be  large  enough  to  have  the  Weber’s  number  larger  than  0.15  x  102. 
Fortunately,  this  condition  is  satisfied  if  we  adopt  the  model  ship  larger  than  about  5  meters 
long,  which  is  practically  possible.  As  the  air  draw  of  the  rudder  is  closely  related  to  the 
separation,  we  have  to  be  careful,  especially  in  the  case  where  the  rudder  is  steered  to  a 
large  helm  angle  by  which  the  separation  is  apt  to  take  place.  However,  even  when  the  helm 
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angle  is  large,  the  drift  angle  of  the  ship  increases  rapidly  right  after  the  rudder  is  settled. 

As  a  result,  the  incidence  angle  of  the  flow  to  the  rudder  decreases  also  remarkably.  Accord¬ 
ingly,  even  if  the  air  draw  were  induced  by  the  separation,  it  is  instantaneous  or  lasts  for 
only  a  very  short  period  of  time  (Figure  22-1,  Figure  24  in  my  paper)  and  will  vanish  pretty 
soon  following  the  disappearance  of  the  separation.  Therefore  in  the  stationary  turning,  we 
need  not  worry  about  the  scale  effect  by  the  difference  of  the  Weber’s  number  between  model 
and  ship  because  of  the  nonexistence  of  the  air  draw. 

The  scale  effect  due  to  the  difference  of  the  Reynolds  number  exists  on  the  rudder  as 
well  as  on  the  hull.  However,  as  is  seen  from  the  NACA  report  on  the  aerofoil,  that  effect  is 
very  small  while  the  incidence  angle  of  the  flow  to  the  rudder  is  very  small.  Accordingly,  we 
can  assume  that  the  effect  of  the  Reynolds  number  is  negligibly  small  for  the  rudder  while  the 
ship  is  turning  stationarily  in  which  the  incidence  angle  of  the  flow  to  the  rudder  is  small. 

These  are  shown  in  the  fact  that  the  results  of  model  tests  agree  very  well  with  the 
results  of  the  actual  ship,  even  though  we  use  the  small  model  of  2. 5-meter  length,  as  far  as 
the  stationary  turning  diameter  D/L  is  concerned 

Considering  the  facts  that  the  effect  of  the  Weber’s  number  and  that  of  the  Reynolds 
number  can  be  neglected  in  the  stationary  turning,  we  adopted  2.5-meter  model  ships  for 
convenience. 

Answer  to  Mr.  Taplin: 

The  curves  in  Figure  24  show  the  rudder  torque  and  steering  velocity  measured  on  the 
sea  for  several  actual  ships.  Of  course,  the  turning  angles  of  the  ships  were  measured  simul¬ 
taneously.  The  drift  angle,  right  after  the  helm  angle  was  settled  to  35  degrees,  was  generally 
about  3~6  degrees.  The  circle  marks  show  values  of  rudder  torque  just  after  the  steering  was 
over,  estimated  through  the  data  acquired  in  this  series  of  model  tests.  In  doing  this,  as  the 
drift  angle  is  modified  by  the  propeller,  an  angle  of  33  degrees  [  =  35°  -  (3°  -  1  ° )  1  was  used. 

As  for  the  model  ships,  the  time  it  takes  for  the  angle  to  go  from  0  to  35  degrees  was 
adjusted  to  take  always  about  1.6  seconds. 

The  effect  of  the  time  is  now  under  experiment.  However,  we  need  not  worry  about  it, 
so  far  as  the  stationary  turning  is  concerned.  As  you  know,  my  main  object  of  study  is  to  find 
the  best  rudder  area  and  to  make  clear  why  the  best  rudder  area  would  exist. 


Answer  to  Mr.  Suarez: 

In  order  to  investigate  the  course  stability  or  straight-course-keeping  quality,  I  made  a 
plot  as  shown  in  Figure  5,  by  taking  the  value  L/D  versus  rudder  angle  from  Figure  5  in  my 
paper.  The  value  L/D  at  rudder  angle  zero  in  this  curve  can  be  considered  as  an  index  of 
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Figure  5 

course  unstableness.  All  of  the  curves  show  that  values  of  L/D  at  zero  rudder  have  more  or 
less  definite  positive  values.  In  other  woros,  all  of  these  hulls  are  not  stable  in  course  and 
cannot  go  straight. 

From  the  amount  of  this  L/D  value,  we  can  judge  the  degree  of  course  stability  for 
twin-screw  ships. 

For  a  single-screw  ship,  however,  we  cannot  use  this  value  of  L/D  at  zero  rudder  as 
the  criterion  of  course  stability.  The  reason  is  that,  for  a  single-screw  ship,  as  there  are 
upward  flow  and  vertically  varied  wake  distribution,  the  propeller  gives  two  turning  moments 
of  opposite  sense  and  also  the  rudder  gives  another  turning  moment— for  example,  with  a  right 
handed  propeller  there  are  left  turning  moments  by  the  propeller  due  to  the  upward  flow,  right 
turning  moments  by  the  propeller  due  to  the  vertically  varied  wake  distribution,  and  also  the 
left  turning  moment  by  the  rudder  of  zero  angle  due  to  the  difference  of  the  horizontal  inci¬ 
dence  angle  by  the  position  in  the  upper  and  lower  part  of  the  rudder.  Therefore  it  is  not 
clear  whether  the  value  of  L/D  at  zero  rudder  is  due  to  the  unstability  of  the  ship  hull  or  to 
the  above-mentioned  turning  moments  due  to  the  propeller  and  the  rudder. 

However,  as  you  find  in  my  answer  to  Mr.  Bindel’s  discussion,  the  left  turning  moment 
by  the  right-handed  propeller  due  to  the  upward  flow  is  negligibly  small  compared  with  the 
right  turning  moment  by  the  propeller  due  to  the  variation  of  the  wake.  (See  Figure  2.  These 
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are  the  results  tested  with  three  models  without  rudder,  all  of  which  indicate  a  right-hand 
turning  tendency.)  The  left  turning  moment  due  to  the  rudder  of  zero  angle  is  remarkably 
larger  compared  with  either  of  them.  As  a  result,  the  right-turning  screw  ship  has  the  tendency 
always  to  turn  to  port  side.  From  this  fact,  for  single-screw  ships,  we  cannot  simply  con¬ 
sider  the  L/D  value  of  zero  rudder  as  the  index  of  course  unstableness. 

According  to  the  increase  of  the  block  coefficient,  the  value  of  L/D  at  rudder  of  zero 
angle  increases  gradually.  This  is  natural,  because  the  resistance  to  the  turning  decreases 
gradually  with  increase  of  the  fullness. 

To  discuss  this  problem  of  course-keeping  quality  further,  wo  need  some  tests  planned 
for  this  purpose.  The  author  has  made  a  special  device  to  give  the  pure  turning  impulsive 
moment  to  the  free-running  model  and  tried  to  investigate  this  character  precisely;  however, 
he  failed  to  get  the  necessary  turning  angle  because  of  the  short  capacity  of  that  device,  and 
the  author  has  to  say  that  the  course-keeping  quality  for  those  models  is  not  yet  clear.  These 
three  typos  of  models  are,  however,  the  representative  hull  form  of  ships  constructed  in  Japan 
in  present  days,  and  we  do  not  hear  about  any  trouble  of  their  course- keeping  quality.  As  for 
the  reference,  I  will  show  you  the  standard  of  the  rudder  area  ratio  for  Japanese  single-screw 
ships. 

1/64  for  ordinary  merchant  ships.  1/72  for  supersized  oil  tanker. 

This  shows  that  actually  there  aro  no  objections  to  using  a  smaller  rudder  area  with  the  in¬ 
crease  of  the  block  coefficient  because  of  tho  docrease  of  tho  turning  resistance  and  because 
cf  the  trivial  increase  of  difficulties  in  course-keeping  qualities. 

Answer  to  Mr.  Bindel: 

1.  Usually  because  of  the  difference  of  the  wake  fraction  by  the  scale  effect,  the 
number  of  revolutions  of  tho  propeller  of  tho  actual  ship  which  sails  straightforward  is  1~3 
percent  higher  than  that  of  the  self-propelled  model  modified  by  the  friction  correction.  During 
the  turning  also,  even  if  we  could  succeed  in  getting  the  proper  amount  of  friction  correction 
in  model  tests  (that  is  still  unknown  in  present  days),  the  number  of  revolutions  of  the  pro¬ 
peller  of  the  actual  ship  is  expected  to  be  a  little  higher  than  that  of  tho  model. 

In  the  single-screw  ship  with  a  single  rudder,  as  the  velocity  of  the  flow  to  the  rudder 
is  about  (1  -  ic)  V  +  sNP  =  NP ,  the  rudder  force  in  the  actual  ship  is  larger  than  that  of  the 
model  ship  by  the  difference  of  the  number  of  revolutions.  This  means  a  smaller  turning  diam¬ 
eter  for  actual  ships  than  for  the  model. 

However,  if  we  do  not  execute  the  friction  correction  for  the  self-propelled  model  in  the 
turning  test  (actually  the  amount  of  this  correction  is  not  yet  clear  in  want  of  data),  the  number 
of  revolutions  of  the  model  propeller  becomes  a  little  higher,  and  as  a  result,  the  rudder  force 
increases;  therefore  the  turning  diameter  cannot  be  considered  always  larger  than  that  of  the 
actual  ship.  The  author  tried  to  check  this,  and  found  that  these  effects  almost  cancel  each 
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other,  fortunately,  and  the  turning  diameter  was  affected  very  little  at  all  by  the  scale,  in 
general.  This  report  is  mainly  concerned  with  the  case  of  single-screw  ships. 

In  case  of  a  twin-screw  ship  with  single  rudder,  the  rudder  is  not  affected  so  much  by 
the  ship  stream  of  the  propeller  as  is  a  single-screw  ship,  where  the  rudder  force  is  governed 
by  the  velocity  of  (1  -  te)  V.  Accordingly ,  its  turning  diameter  is  always  smaller  in  the  actual 
ship  than  in  the  model  regardless  of  whether  friction  correction  is  added  or  not.  The  author 
has  no  definite  idea  whether  the  amount  of  this  difference  is  10  percent  or  not,  as  he  has 
never  tried  the  comparison  tests  about  this  point.  However,  generally  in  twin-screw  ships, 
the  block  coefficient  is  rather  small  and  accordingly  the  wake  fraction  is  small.  Accordingly, 
we  can  consider  that  the  difference  in  turning  performances  between  ship  and  model  may  be 
not  so  large. 

2.  As  you  pointed  out,  the  speed  reduction  while  the  ship  is  turning  depends  pretty 
much  upon  the  character  of  the  main  engines.  The  results  in  this  paper  were  those  of  models 
driven  by  the  d-c  shunt  motor,  as  is  reported  in  the  paper.  Accordingly,  if  we  assume  that 
the  advance  constant  does  not  vary  by  the  small  change  in  the  number  of  revolutions,  the 
turning  speed  will  be  reduced  according  to  the  decrease  of  the  number  of  revolutions,  in 
order  to  investigate  this  difference  of  the  character  of  the  main  engine,  the  author  also  tried 
to  use  the  small  internal  combustion  engine;  however,  it  was  not  stable  in  its  performance 
he  could  not  get  the  satisfactory  results. 

3.  Lastly,  I  would  like  to  answer  about  the  straight-course-keeping  quality  of  ship. 
For  example,  in  case  of  the  single-screw  ship  with  a  right-handed  propeller,  even  at  7.ero 
rudder,  there  are  three  factors  to  induce  the  moment  to  swing  the  ship’s  head  as  follows: 

The  first  is  the  effect  of  the  upward  oblique  flow  at  the  position  of  the  propeller. 

The  second  is  the  effect  of  the  variation  of  the  wake  distribution  along  the  vertical 
direction  at  the  screw  disk. 

The  third  is  the  effect,  of  the  unbalance  of  the  lateral  force  of  the  rudder  (of  zero 

angle). 

The  first  will  give  the  ship  a  moment  to  turn  to  port,  the  second  to  starboard,  and  the 
third  will  give  a  moment  to  turn  to  port.  (About  the  wake  effect,  please  see  Figure  l  in  my 
answer  to  Captain  Saunders.) 

The  author  roughly  estimated  the  amount  of  those  moments  as  follows: 

When  the  propeller  works  in  nonuniform  or  oblique  flow,  the  relative  advance  speed  to 
the  flow  and  the  angular  velocity  of  the  blade  element  varies  with  the  position  while  it  is 
turning.  For  this  reason  if  we  take  the  average  during  one  revolution,  a  certain  amount  of 
force  and  moment  to  a  certain  direction  will  be  produced  by  the  propeller. 

Suppose  that  there  is  the  flow  of  velocity  u  to  the  negative  direction  of  y-axis,  the 
angular  velocity  0  of  revolution  of  the  propeller  varies  partially  as  follows: 

u  sin  y 
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From  this  variation,  the  propeller  will  produce  a  moment  M  around  the  y-axis. 
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When  we  express  the  nonuniform  flow  on  account  of  the  difference  in  wake  fraction  by 
the  position  by 

Y 

S  V  =  h - cos  y 

R 

then  a  force  Z  will  act  on  the  propeller  on  the  direction  of  s-axis,  and  the  moment  will  be 
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(Nippon  Zosen-Kyokai  No.  83.) 

Here  T*  =  advance  speed  of  propeller 
R  =  radius  of  propeller 
Q  =  torque  of  propeller 
T  =  thrust  of  propeller 
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The  valu  .<  expressed  by  Equation  [1]  is  the  moment  to  turn  the  ship  to  port  on  account 
of  the  upward  oblique  flow  to  the  propeller,  and  Equation  [2]  shows  the  moment  to  turn  the 
ship  to  starboard  on  account  of  the  difference  of  the  wake  fraction  by  the  position. 

For  the  2.5-meter  length  model,  if  we  assume 
v  -  1.0  m/s  (ship  speed) 

tc  =  0.25  (mean  wake  fraction) 

J  =  0.5 

2.5 

p  = -  m 

2 

u  =  0.27  v  (corresponding  to  15  deg  oblique  flow) 
dKt  dK 

—  =-0.36,  — 2  =  -  0.038,  K,  =  0.18,  K  =0.026 

dj  dj  t  '  q 

we  can  estimate  roughly 

M  =  -  0.0017  kgm 

IZ  =  0.018  kgm 

Namely,  the  moment  to  turn  to  starboard  on  account  of  the  nonuniform  flow  of  the  wake 
is  much  larger  than  the  moment  to  turn  to  port  on  account  of  the  upward  oblique  flow.  Now  the 
horizontal  incidence  angle  of  flow  to  the  rudder  behind  a  screw  is  known  in  Figure  1  (Answer 
to  Captain  Saunders).  Assuming  this  relation  as  shown  in  Figure  7  for  convenience,  the  author 
estimated  the  value  of  turning  moment  of  the  rudder  (of  zero  angle)  applying  the  blade  element 
theory  as 

FI  =  -  0.102  kgm 
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Figure  7 

Negative  sign  means  port  turning. 

Namely,  the  author  concludes  that  the  moment  from  the  rudder  (of  zero  angle)  is  the 
most  predominant  among  these  three,  and  the  result  is  that  the  single-screw  ship  swings  its 
head  to  port.  As  to  the  turning  direction  when  the  single-screw  ship  is  without  its  rudder, 
please  refer  to  my  answer  to  Captain  Saunders. 
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When  the  rudder  is  steered  to  a  certain  angle  and  there  is  the  upward  oblique  flow,  we 
have  to  think  that  there  is  already  a  circulation  around  the  ship’s  hull.  Accordingly  the  turn¬ 
ing  moment  of  the  hull  must  be  taken  into  consideration;  however  it  does  not  play  so  big  role 
in  the  turning  of  the  ship  when  the  ship  is  keeping  its  head  almost  straight  by  a  very  small 
heim  angle. 
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ABSTRACT 


A  design  method  for  rudder  calculations  is  presented.  This  method,  now 
in  use  in  the  Bureau  of  Ships,  is  an  aerodynamic  approach  to  determination  of  lift, 
drag,  bending  moment,  and  twisting  moment.  .A  numerical  example  is  worked  out 
for  a  spade  rudder,  including  allowances  for  aspect  ratio,  sweep  angle,  taper  ratio, 
and  effective  speed  and  angle  of  attack.  This  design  example  includes  a  method 
for  going  from  rudder  hydrodynamic  torque  to  steering  gear  torque.  In  additio'n, 
the  paper  discusses  other  practical  considerations  in  rudder  design,  such  as  the 
materials  commonly  used  for  all-welded  and  for  socketed  connections  of  rudder- 
stock  to  rudder,  rudder  plating,  and  framing;  design  features  of  antifriction  and 
sleeve  bearings  for  rudderstock;  and  design  of  bearing  seals  for  rudderstocks. 

INTRODUCTION 

A  combination  of  rudder  and  hull  can  be  designed  to  provide  good  turning,  course¬ 
keeping  ability,  and  ability  to  initiate  and  check  rapid  swinging.  Specific  numerical  criteria 
for  these  qualities  are  available  in  Keference  1.*  Also  a  comprehensive  analysis  is  available 
in  Chapters  37  and  74  of  Reference  2  and  in  Reference  3  for  determining  rudder  location,  area, 
and  planform. 

This  paper  describes  the  rudder  design  work  that  follows  after  Lhe  rudder  location  and 
shape  have  been  preliminarily  selected.  Such  design  work  involves  computing  the  hydrodynamic 
forces  and  then  determining  structural  and  mechanical  features  for  reliability  wiLh  low  cosL. 

Although  these  are  not  official  standards,  they  represent  current  practices  by  designers 
in  the  Bureau  of  Ships. 

RUDDER  FORCES,  TORQUES,  AND  MOMENTS 

In  the  computation  of  rudder  forces,  bending  moments,  and  torques,  we  use  aerodynamic 
methods  plus  allowances  from  experience.  For  this  discussion,  cavitation  is  exc’uded.  In  the 
simplest  terms,  we  convert  a  ship  rudder  into  a  more-or-less  equivalent  free-stream  control 
surface  for  which  wo  have  wind-tunnel  data.  This  procedure  will  be  explained  for  the  case  of 
a  spade  rudder  in  a  propeller  race. 

FLOW  SPEED  AND  ANGLE  OF  ATTACK 

One  of  the  early  steps  involves  finding  the  speed  and  angle  of  attack  for  the  ship  rudder. 
Figure  1  shows  model  test  data  for  the  velocity  field  at  the  rudderstock  of  a  twin-screw,  twin- 
rudder  destroyer,  taken  from  Reference  4.  This  represents  the  ship  going  ahead  in  a  straight 


•References  are  listed  on  page  139. 
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Sec;i°n  at  Leading  «  line  constant  speed,  with  positive  angles 

Edge  of  Rudder  ^  3  r  1  r  rj 

_  indicating  inward  flow.  Even  for  this  special 

case,  it  is  clear  that  the  upper  part  of  the  rud- 
d.er  is  in  boundary-layer  flow,  and  the  lower 
part  in  propeller  outflow.  Both  the  magnitude 
and  the  direction  of  velocity  are  varying  along 
the  rudder  span.  We  know  from  full-scale  trials 
of  USS  NORFOLK  (DL  l),5  that  maximum 
forces  occur  about  10  sec  after  the  rudder 
has  started  moving.  By  then  the  ship  has  be- 
fA  LOJ  gun  to  swing.  Thus  a  drift  angle,  speed  re- 

/  "°'3  duction,  and  transverse  flow  set  in,  and  the 

complex  flow  of  Figure  1  becomes  even  more 
involved.  Ta  handle  this  we  make  two  sim¬ 
plifying  assumptions: 

1.  For  a  rudder  behind  a  propeller,  the 
assumption  that  speed  of  water  over  the  rud¬ 
der  is  80  to  100  percent  of  (Ship  Speed)  (1  + 
Propeller  Slip).  This  is  rather  conservative, 
and  results  in  rudder  forces  which  are  not 

likely  to  be  exceeded.  The  choice  between  80  percent  and  100  percent  is  a  matter  of  judgment, 
based  cn  now  much  of  the  rudder  is  in  the  propeller  race. 

2.  The  assumption  that  the  effective  attack  angle  is  5/7  of  the  actual  rudder  angle.  This 
allows  for  drift  angle  at  the  rudder,  and  is  based  on  trial  experience  and  the  convenience  of 
5/7  as  a  coefficient.  Thus,  in  considering  a  35-deg  rudder  angle  we  would  enter  the  wind- 
tunnel  data  at  25-deg  attack  angle.  (See  Lines  1  and  2  of  tabulations  in  \ppendixes  A  and  B.) 


below  ^ 


4%^ below  ^ 


Figure  1  —  Velocity  Field  at  Rudderstock 
for  a  Twin-Screw,  Twin-Rudder  Ship 


EFFECTIVE  ASPECT  RATIO 

One  more  “equivalent”  is  needed  before  we  can  use  free-stream  data,  and  that  is  the 
effective  rudder  aspect  ratio.  In  ideal  cases  it  is  span  squared  over  area,  and  it  is  doubled  if 
there  is  little  or  no  gap  betwoenthe  rudder  and  the  hull.  If  we  consider  that  the  hull  gap  is 
small  at  zero  rudder,  and  large  at  full  rudder,  we  compute  effective  aspect  ratio  by  multiplying 
geometric  aspect  ratio  by  a  coefficient  varying  linearly  from  1.9  or  2.0  at  0-deg  rudder  to  1.0 
at  full  rudder  angle.  If  the  gap  is  considered  large  at  all  angles,  we  use  the  effective  aspect 
ratio  equal  to  the  geometric  throughout. 
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USE  OF  WIND-TUNNEL  DATA 


A  detailed  example  is  shown  in  Appendix  A.  The  tabulation  form  permits  checking 
step-by-step.  The  source  of  wind-tunnel  results  is  TMB  Report  933,  Reference  6,  This  report 
covers  aspect  ratios  1.0,  2.0,  and  3.0  for  the  NACA  OOXX  sections  now  used.  The  specific 
steps  involved  are: 

1.  Use  the  charts  for  quarter-chord  sweep  angle  ft  =  0  deg.  For  the  desired  angle  of  attack 
and  effective  aspect  ratio,  cross-fair  and  interpolate  to  get  corresponding  values  of  lift  and 
drag  coefficients  CL,  CD,  and  chordwise  center  of  pressure  ( CP)c .  Enter  the  values  in  the 
tabulation. 

2.  Repeat  for  sweep  angle  of  11  deg. 

3.  Interpolate  between  these  0-deg  and  11-deg  figures  to  get  values  for  the  actual  quarter- 
chord  sweep. 

4.  If  the  taper  ratio  (defined  as  tip  chord/root  chord)  differs  materially  from  the  0.45  values 
of  TMB  Report  933,  a  lengthy  taper  ratio  correction  must  then  be  made.  This  is  shown  in  de¬ 
tail  in  Appendix  B. 

The  significant  conclusions  are  that  making  this  particular  taper  ratio  correction  changes 
the  35-deg  rudder  angle  coefficients  as  follows: 

1.  The  normal  fores  coefficient  increases  from  0.810  to  0.928,  per  line  2C. 

2.  What  is  more  important  is  that  the  fore-and-aft  center  of  pressure  measured  from  the 
mean  chord  leading  edge  has  moved  from  0.266  (mean  chord)  to  0.319  (mean  chord),  per 

line  27.  This  changes  torque  lever  arms  very  greatly.  If  the  rudderstock  were  at  the  quarter- 
chord  point,  the  original  lever  arm  would  be  1.6  percent  of  the  mean  chord,  compared  with  a 
corrected  lever  arm  of  6.9  percent  of  the  mean  chord. 

The  calculations  shown  in  Appendixes  A  and  B  result  in  the  basic  hydrodynamic  loads 
on  the  rudder.  Rudderstock  location  can  be  adjusted  to  get  a  desired  balance  of  positive  and 
negative  torque. 

RUDDERSTOCK  SIZE 

The  computation  of  rudderstock  size  is  straightforward,  and  is  based  on  the  resultant 
force  FK,  spanwise  center  of  pressure,  and  bearing  locations.  The  bending  moment  is  a  maxi¬ 
mum  at  the  point  of  zero  shear.  For  conventional  engineering  accuracy,  this  can  be  taken  at 
the  middle  of  the  lowor  bearing.  (If  refinement  is  desired,  the  stress  distribution  can  be  com¬ 
puted,  and  a  mors  precise  zero  shear  location  obtained.)  The  spanwise  center  of  pressure  is 
available  in  TMB  Report  933,  and  can  usually  be  selected  accurately  enough  without  interpola¬ 
tion.  The  combined  stresses  from  bending  and  torsion  are  then  computed  by  standard  methods, 
such  as 
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Combined  Stress  = 


Flexural  Stress 


Flexural  Stress  \  2 


j  +  (Torsional  Stress)2 


With  loads  calculated  by  this  aerodynamic  method,  we  permit  stresses  up  to  50  percent  of 
yield.  (Formerly,  with  the  less  sophisticated  Joessel  formula,  we  limited  stress  to  40  percent 
of  yield.) 


STEERING  GEAR  TORQUE 

Going  from  hydrodynamic  torque  QH  (at  the  rudderstock  just  outside  the  hull),  to  steer¬ 
ing  gear  torque  (at  the  key  between  rudderstock  and  tiller),  involves  two  adjustments: 

1.  An  error  allowance  Q  A ,  for  chordwise  center  of  pressure.  This  is  taken  as  the  torque 
from  normal  force  times  about  -2  percent  of  the  mean  chord.  If  our  ship  rudder  is  quite  similar 
to  the  wind-tunnel  model,  we  would  use  an  error  allowance  of  - 1  percent;  if  the  contrary,  we 
might  allow  more  than  —2  percent.  This  allowance  is  quite  important  for  balanced  rudders 
with  the  slock  near  the  quarter-chord  point,  and  is  practically  negligible  for  unbalanced 
rudders.  The  allowance  is  a  measure  of  the  effect  on  torque  of  all  our  uncertainties,  such  as 
variations  in  Reynolds  number,  roughness,  thickness,  effective  aspect  ratio,  etc.  The  values 
of  -  Qa  are  added  to  QH,  as  shown  in  the  torque  curves  of  Appendix  A.  This  converts  the 
single  line  QH  to  a  band. 

2.  A  bearing  friction  allowance  Q  To  derive  this,  we  first  compute  rudderstock  bearing 
reactions.  These  are  the  reactions  to  the  external  resultant  rudder  force  at  the  spanwise 
center  of  pressure,  combined  vectorially  with  reactions  to  any  internal  tiller  force.  The  fric- 

\ 

tional  torque  at  each  bearing  is  then  the  resultant  reaction  multiplied  by  the  coefficient  of 
friction  and  the  beaming  turning  radius.  The  upper  and  lower  bearing  friction  are  combined 
as  -Qp,  and  added  algebraically  to  Q H  and  -  ,  as  shown  in  Appendix  A.  This  allows  for 

cases  where  the  steering  gear  is  driving  the  rudder  and  where  the  rudder  is  tending  to  overhaul 
the  steering  gear. 

PRECISION  OF  FORCE  AND  TORQUE  CALCULATIONS 

In  general,  we  feel  that  the  method  described  here  predicts  rudder  forces  conservatively 
and  with  reasonable  accuracy.  We  still  have  a  long  way  to  go,  however,  before  we  can  predict 
rudder  torques  accurately.  Some  of  the  difficulty  is  probably  inherent  in  ship  construction, 
since: 

1.  Sister  ships  sometimes  show  considerable  variation  in  ram  pressure  for  identical 
rudder  movement. 

2.  Where  torque  is  measured  at  the  rams  by  hydraulic  pressure  and  in  the  rudderstock 
by  strain  gages,  as  in  Reference  5,  there  are  unexplained  discrepancies. 
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We  maintain  a  continuing  comparison  of  the  actual  versus  predicted  steering  gear 
torques.  We  expect  that  we  will  be  able  to  reduce  our  margins  or  allowances  for  torque  by 
using  this  basic  aerodynamic  approach  eoupled  with  some  additional  research  and  analysis 
of  trial  data. 


BASIC  CONSTRUCTION  FEATURES 

In  constructing  and  supporting  a  rudder,  modern  practice  permits  a  choice  in  two  struc¬ 
tural  features: 

1.  The  method  of  connecting  the  rudder  and  rudderstock. 

2.  The  type  of  bearings. 

Although  these  may  be  treated  independently,  they  are  related  to  one  another  and  to  hydrody¬ 
namic  features.  These  are  discussed  below  for  spade  rudders  constructed  of  steel. 

CONNECTION  BETWEEN  RUDDER  AND  RUDDERSTOCK 

The  rudder  can  be  welded  integrally  to  the  rudderstock  as  shown  in  Figure  2,  or  se¬ 
cured  mechanically  as  shown  in  Figure  3.  A  comparison  indicates  the  advantages  and  dis¬ 
advantages  of  each  type  as  follows: 

1.  Rudderstock  Material 

Rudderstocks  suitable  for  welding  are  practically  limited  to  a  yield  strength  of  about 
30,000  psi.  These  stocks  are  unalloyed,  nonheat-lreated,  with  carbon  about  0.25-percent 
maximum  and  manganese  about  0.75-percenb  maximum.  Where  welding  is  not  required,  we  can 
use  either  higher  carbon  steels  or  heat-treated  alloy  steels  (typical  analysis  0. 28-percent 
carbon,  0. 32-percent  manganese,  0. 54-percent  chromium,  3. 4-percent  nickel,  0.06-percent 
vanadium,  and  0. 40-percent  molybdenum).  With  these  we  get  yield  strengths  of  from  45,000 
to  100,000  psi. 

Figure  4  compares  the  diameters  of  equal  strength  solid  stocks  for  a  range  of  yield 
strength.  For  example,  the  diameter  for  30,000-psi  yield  is  1.44  times  that  for  90,000-psi  yield. 
The  reduced  diameter  of  the  high  yield  stock  results  in  reduced  frictional  torque  at  the  bear¬ 
ings,  hence  in  reduced  steering  gear  size.  The  reduced  weight  of  the  high  yield  stock  tends 
to  offset  its  greater  cost  per  pound,  as  well  as  reduce  ship  weight. 

2.  Rudder  Thickness 

The  all-welded  rudder  is  generally  thicker,  since  it  “swallows”  a  larger  diameter  stock. 
The  maximum  rudder  thickness  to  avoid  separation  and  cavitation  is  not  known  exactly.  We 
try  to  limit  maximum  thickness  to  about  26  percent  of  the  chord. 

3.  Shipping  and  Unshipping 

The  all-welded  one  piece  combination  requires  more  clearance  below  and  also  greater 
crane  capacity  for  shipping  and  unshipping. 
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All  Sid*  Ploting  15.3  lb  M  S 


Rudftr  Hub 


Figure  3  —  Rudder  and  Stock  with  Securing  Nut,  Rudder  in  High-Speed  Propeller  Race 
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High  Yield  Strength  Steel 
Yield  Strength  in  kips/mch* 


Figure  4  —  Rudderstock  Diameters  for  Steels  of  Various  Strengths 
4.  Fabrication  Cost 

The  all- welded  combination  is  cheaper  and  easier  to  fabricate.  It  does  not  require  the 
precise  machining  and  fitting  of  the  tapered  connection  between  rudderstock  and  rudder  hub. 

The  final  choice  as  to  the  connection  between  rudder  and  rudder 3tock  is  made  with  the 
foregoing  features  in  mind.  Sometimes  the  rudder  planform  is  altered  to  get  an  acceptable 
solution  to  these  construction  problems. 

RUDDER  BEARINGS  AND  SEALS 

SLEEVE  BEARINGS 

Sleeve-type  bearings  for  rudderstocks  are  commonly  made  of  reiniorced  laminated 
phenolics  (known  by  trade  names  such  as  Marine  Micarta,  Tufnol,  etc.)  or  metals  suitable  for 
sea  water  (manganese  bronze,  gun  metal,  Stoody  metal,  etc.).  These  bearings  are  not  harmed 
by  sea  water,  so  that  special  or  adjustable  seals  at  the  shell  are  not  required.  A  simple  sand 
excluder  is  usually  provided  at  the  hull.  We  generally  estimate  the  coefficient  of  friction  at 
0.20  for  this  slow-turning  (around  %  rPm)  intermittent  operation. 

ANTIFRICTION  BEARINGS 

Antifriction  bearings  for  rudderstocks  are  of  the  ball,  taper-roller,  or  spherical  type, 
such  as  shown  in  Figure  5.  There  is  a  problem  in  providing  a  hull  seal,  and  two  types  are 
used:  (1)  a  Syntron-type  seal,  adjustable  only  in  drydock,  and  (2)  an  adjustable  gland  which 
requires  setting  the  hull  bearing  a  foot  or  two  above  the  shell.  The  great  advantage  of 
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Syntron  Type  Seal 


Figure  5  -  Antifriction  Bearing  (or  Rudder  Stock 
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antifriction  bearings  is  the  low  coefficient  of  friction.  We  use  0.010  or  0.015.  This  consider¬ 
ably  reduces  steering  gear  size  as  compared  with  a  sleeve  bearing  installation.  (The  previous 
description  of  hearing  friction  calculations  permits  numerical  evaluation  of  this.)  There  had 
been  some  concern  over  possible  Brinneling  or  work-hardening  of  rollers.  The  thought  was  that 
on  long  high-speed  voyages  with  little  rudder  movement,  only  one  or  two  rollers  would  get 
many  cycles  of  loading  from  the  propeller.  This  has  not  happened,  however. 

The  choice  between  sleeve  and  antifriction  bearings  is  difficult.  Initial  cost,  including 
the  effect  on  the  steering  gear  size,  is  one  factor.  Maintenance,  involving  the  ability  to  get 
replacement  parts  in  an  emergency,  is  another  factor,  and  favors  the  use  of  sleeve  bearings. 

The  Navy  uses  both  types  of  bearings,  depending  upon  the  particular  ship  application. 

RUDDER  PLATING  AND  FRAMING 

Rudder  plating  and  framing  practice  for  ships  is  still  quite  empirical,  unlike  airplane 
practice  for  control  surfaces.  We  have  tried  aerodynamic  techniques,  with  the  rudder  as  a 
stressed-skin  structure  subjected  to  lifting  surface  loads.  The  scantlings,  however,  would 
be  far  lighter  than  for  structures  we  know  have  not  stood  up  well  in  service.  Presumably, 
therefore,  some  other  intense  loadings  are  involved,  such  as  propeller  tip  cavitation  bubbles 
collapsing  on  the  rudder,  or  the  propelier  tail  cone  vortex  impinging  on  the  rudder.  Fatigue 
and  stress  corrosion  of  panels  of  plating  might  also  be  involved,  since  propelier  blade  rate 
results  in  millions  of  cycles  of  loading. 

Our  plating  and  framing  practices  as  shown  in  Figures  2  and  3  are  accordingly  based 
on  the  results  of  service  experience.  We  select  plating  thickness  and  locate  internal  webs 
in  rudders  so  that  panels  are  limited  in  span  to  about  50  thicknesses  of  plating.  Rudders  in 
high-speed  propeller  races  are  usually  plated  with  a  tough,  strong  steel  (an  80,000-  or  a 
100,000-psi  yield  steel  with  about  2-percent  nickel  and  1-percent  chromium),  rather  than  the 
mild  steel  used  otherwise.  This  practice,  based  on  a  study  of  rudder  casualties  made  by 
Captain  Saunders,  has  been  working  out  well. 

One  desirable  incidental  result  of  using  the  NACA  4-digit  symmetrical  series  (OOXX) 
is  that  the  trailing  edge  has  a  natural  half-breadth,  rather  than  coming  to  a  feather  edge. 

This  provides  more  ruggedness  which  is  useful  for  astern  operation. 

VIBRATION 

We  have  been  fortunate  in  having  had  only  one  rudder-induced  vibration  problem  in  the 
last  few  years.  This  was  on  the  USS  FORREST  SHERMAN  (DD931)  Class,  and  the  previously 
mentioned  flow  survey,  Figure  1,  was  part  of  the  investigation.  For  this  twin-screw,  twin- 
rudder  ship,  4-cps  hull  vibration  became  objectionable  at  high  speeds.  The  rudders  were  set 
with  trailing  edges  3  deg  inward,  for  optimum  propulsion.  During  sea  trials,  the  Boston  Naval 
Shipyard’s  vibration  team  noticed  that  vibration  was  considerably  reduced  when  the  ship 
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ordered  a  few  degrees  of  rudder  angle.  A  new  systematic  set  of  sea  trials  was  then  conducted, 
using  turnbuckle  steering  gear  links  to  get  a  range  of  initial  rudder  settings.  It  was  found  that 
setting  the  rudders  with  trailing  edges  1%  deg  outward  eliminated  the  objectionable  vibration, 
and  this  change  was  made  in  all  ships  of  the  class.  References  4  and  7  give  a  detailed 
account  of  the  investigations  made  by  the  David  Taylor  Model  Basin  towards  explaining  what 
was  happening.  The  studies  are  not  yet  complete,  but  it  appears  that  there  was  synchronism 
between  rudder  torsional  frequency  and  transverse  hull  vibration. 

To  reduce  chances  of  rudder-induced  vibration,  we  generally  do  the  following: 

1.  Compute  transverse  frequency  of  the  rudder  plus  rudderstock.  If  there  is  synchronism 
with  shaft  rpm  or  propeller  blade  rate,  we  make  changes  in  the  configuration. 

2.  Clearance  between  the  rudder  and  propeller  is  kept  in  line  with  past  successful 
practice. 

3-.  Model  flow  tests  are  conducted  in  TMB’s  circulating-water  channel,  and  erratic  flow 
is  corrected.  This  sometimes  involves  changing  the  hull  lines  aft. 
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APPENDIX  A 


COMPUTATION  OF  RUDDER  FORCES  AND  TORQUES 


GIVEN:  A  spade  ruddor  as  shown  in  Figure  6  is  in  the  race  of  a  propeller.  At  maximum 

ship  speed  of  30  knots,  ’the  propeller  slip  is  17.2  percent.  The  rudder  is  close 
enough  to  the  hull  so  that  full  reflection  (double  the  geometric  aspect  ratio)  can 
be  assumed  at  0-deg  rudder  angle;  also  assume  linear  decrease  to  1.0  times  geo¬ 
metric  aspect  ratio  at  full  rudder  angle  of  35  deg.  The  rudder  has  NACA  OOXX 
sections  and  square  tips.  Roller  bearings  are  used  on  the  rudderstock. 


TO  FIND:  Forces  and  torques  throughout  the  range  of  ruddor  angles. 
PROCEDURE: 


Rudder  area  =  11.35  ft  x  9.01  ft  -  102.3  sq  ft 
tip  chord  5.59  ft 


Taper  ratio  = 


0.45,  so 


root  chord  12.43  ft 
that  NACA  0015  curves  of  TMB  933  apply  without  taper  ratio  correction. 


The  step-by-step  procedure  is  ttbulated  bolow.  In  this  example,  subscript  1  refers  to 
data  taken  directly  from  TMB  933,  and  subscript  2  refers  to  dosired  data.  Additional  informa¬ 
tion,  where  the  tabulation  is  not  self-explanatory,  is: 


Line  2. 
Line  3. 


Line  4. 


Line  5. 
Line  G. 
Line  7. 


Take  effective  angle  of  attack  -  5/7  rudder  angle. 

(span)2  (  1 1. 35) 2 

The  geometric  aspect  ratio  is 


1.26 


area  102.3 

Use  1.26  at  25-deg  attack  angle,  and  prorate  other  angles  for  2  x  1.26  at 
0-dcg  attack  angle. 

Reynolds  number  for  ship,  based  on  rudder  mean  chord  = 

(56.4  ft/sec)  (9.01  ft) 


=  34  x  106 


0.000015  sq  ft/sec 

This  is  about  ten  times  greater  than  the  highest  Reynolds  number  test  in  TMB 
933.  Use  the  highest  Reynolds  test  values  in  TMB  933  as  being  the  closest. 
Obtain  lift  coefficient  CL  by  interpolating  and  fairing  from  Figures  45,  60,  and 
67  of  TMB  933  for  sweop  angle  fl  =  11  deg. 

Similar  to  Line  4,  except  for  fl  =  0  deg  use  Figures  44,  55,  and  66. 


Straight  line  interpolation  for  the  desired  sweep  angle  f!  =  9)4  deg. 

Similar  to  lines  4  and  5,  except  read  drag  coefficient  C D,  and  no  interpolation 
is  needed. 
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Line  8—11. 

Line  12. 

Line  13. 

Line  14. 
Line  15. 

Line  18. 

Line  19. 


Line  20. 
Line  21. 

Line  22. 
Line  23. 
Line  24. 

Line  25. 


Lift  and  drag  are  used  in  the  conventional  aeronautical  sense  of  forces  normal 
to  and  in  line  with  the  flow.  Lines  10  and  11  are  the  normal  components  of 
lift  and  drag  coefficients. 

The  normal  force  coefficient,  for  use  in  computing  hydrodynamic  torque,  is 
Line  10  plus  Line  11. 

Interpolate  from  Figures  45,  -60,  and  67  of  TMB  933  to  get  the  chordwise  center 
of  pressure,  aft  of  mean  chord  leading  edge. 

Interpolate  from  Figures  44,  55,  and  66. 

Straight  line  interpolation  between  Lines  13  and  14  for  the  desired  sweep 
angle  of  9%  deg. 

The  sign  convention  is  that  used  for  aeronautical  control  surfaces.  Plus 
values  indicate  moments  tending  to  drive  the  rudder  to  larger  angles.  Minus 
values  indicate  moments  tending  to  restore  the  rudder  to  0  deg. 

Propeller  race  speed  •=  (1  +  slip)  (ship  speed)  =  (1  +  0.172)  (30  x  1.69  ft/sec)  = 
59.4  ft/soc 

Estimated  effective  speed  of  flow  over  rudder  =  95  percent  x  59-4  =  56.4  ft/sec 

p  _  1.99  lb  sec2 

n  =  Unit  dynamic  pressure  =  —  v2  =  -  -  (56.4  ft/sec)2 

°'  2  ft4 

=  3170  lb/ft2 

Sq  =  Dynamic  pressure  on  rudder  =  (3170  lb/ft2)  (102.3  ft2) 

=  325,000  lb 

To  get  Line  19,  multiply  325  kips  by  the  normal  force  coefficient  from  Line  12. 
Line  19  times  Line  18. 

This  is  the  arbitrary  error  allowance  of  V/2  percent  of  mean  chord.  The  mean 
chord  is  108.12  in.,  from  Figure  6. 

This  is  the  torque  error  allowance,  Line  21  times  Line  19. 

The  resultant  force  coefficient  is  J (C L)2  +  (Cy)2 

The  resultant  force  is  Line  23  times  325  kips. 

(See  also  explanation  for  Line  19.) 

The  spanwise  center  of  pressure  at  25  degrees  attack  angle  is,  from  TMB  933, 
about  49  percent  span,  or  (0.49)  (11.35  ft)  =  5.562  ft  from  root  chord.  From  the 
given  bearings  locations,  the  spanwise  CP  is  then  5.562  ft  +  1.021  ft  =  6.583  ft 
below  the  centerline  of  lower  bearing.  Assume  a  double  ram  steering  gear, 
which  applies  torque  without  side  force.  Using  the  resultant  force  F R  from 
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Line  24,  the  upper  bearing  radial  load  FU  =  FR 


6-583  ft 


1.039  Fr 


Lines  26—29. 


6.333  ft 

The  lower  bearing  radial  load  F L  =  FR  +  1.039  F R  =  2.039  F R 
By  separate  calculation,  the  radii  to  center  of  rollers  are:  R y  =  8.65  in.  and 
nL  =  14.5  in.  Use  coefficient  of  friction  =  0.01.  The  total  frictional  torque 
is  then  0.01  \FVRV  +  FLRL]  =  0.01  [(1.039  FR)  (8.65  in.)  +  (2.039  FR) 

(14.5  in.)]  =  0.386  FR 

Line  25  is  then  Line  24  times  0.386. 

These  involve  addition  of  the  error  and  friction  allowances  to  get  an  envelope 
of  torque  as  shown  in  the  plot  of  “Final  Torque  Curves,”  Figure  7. 


Figure  6  -  Rudder  Outline  and  Bearings  Locations 


142 


TABULATION  OF  CALCULATIONS  FOR  APPENDIX  A 


Line  1 

Rudder  Angle,  deg 

7 

14 

21 

28 

35 

2 

Angle  of  Attack  a  ,  deg 

5 

10 

15 

20 

25 

vf 

Effective  Aspect  Ratio 

2.27 

2.01 

1.76 

1.51 

1.26 

4 

CL  at  0  =  11° 

0.448 

0.630 

0.792 

0.919 

5 

CL  at  fl  =  0° 

0.430 

0.615 

0.775 

0.908 

6 

CL1atU=  3'/i° 

0.235 

0.446 

0.628 

0.790 

0.918 

7 

CDj  s  cd2 

0.043 

0.088 

0.154 

0.244 

8 

cos  a 

0.98481 

0.96593 

0.93969 

0.90631 

9 

Sin  « 

0.17365 

0.25882 

0.34202 

0.42262 

10 

C,  cos  a 

1 

0.4392 

0.6066 

0.7424 

0.8320 

11 

2 

CD  sin  a 

0.0228 

0.0530 

0.1031 

12 

2 

X 

0.2354 

0.4467 

0.6294 

0.7954 

0.9351 

13 

(CP)£  from  LE  atO=  11° 

0.1835 

0.1945 

0.2090 

0.2295 

0.2556 

14 

(CP)g- from  LE  atO=  0° 

0.1944 

0.2072 

0.2746 

0.2492 

15 

(CP)g  from  LE  atU=  91ic 

0.1839 

0.1945 

0.2088 

0.2288 

0.2547 

16 

(CP)^  from  LE  atn=  9!40.  in. 

19.88 

21.03 

22.58 

24.74 

27.54 

17 

CL  Stock  from  LE,  in. 

21.00 

21. GO 

21.00 

21.00 

18 

Torque  Arm,  in. 

+  1.12 

-  .03 

-  1.58 

-  3.74 

-  6.54 

19 

Normal  Force  FN,  kips 

76.5 

145.2 

204.6 

258.5 

303.9 

20 

Qh,  kip-in. 

+  86 

4 

-  323 

-  967 

-  1988 

21 

Allowance  Torque  Arm,  in. 

1.62 

1.62 

1.62 

1.62 

1.62 

22 

Qa,  kip-in. 

124 

235 

332 

419 

492 

23 

Resultant  Force  Coefficient 

mm 

0.448 

0.634 

0.805 

0.950 

04 

4.1 

Resultant  Force,  kips 

76 

146 

206 

262 

309 

25 

QF,  kip-in. 

29 

56 

80 

101 

119 

26 

Qh  +  Qa,  kip-in. 

+  231 

+  9 

-  548 

-  1496 

27 

QH-QA,  kip-in. 

-  38 

-  239 

-  655 

-  1386 

-  2480 

28 

QH  +  QA  +  QF,  kip-in. 

+  239 

+  287 

+  89 

-  447 

-  1377 

29 

Qh-Qa-Qf-  kiP’in- 

-  67 

_i - 

-  295 

-  735 

-  1487 

-  2599 
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APPENDIX  B 


CORRECTION  FOR  TAPER  RATIO 


GIVEN: 


A  control  surface  has  square  tips  and  a  taper  ratio  A  -  0.7S.  The  follow  ng 
characteristics' for  A  =  0.45  have  been  obtained  from  TMB  Report  933: 


Rudder  angle,  deg 

7 

14 

21 

28 

35 

Attack  angle  a  ,  deg 

5 

10 

15 

20 

25 

Effective  aspect  ratio  ag 

1.72 

1.54 

1.36 

1.18 

1.00 

Lift  coefficient  C  L 

0.193 

0.373 

0.534 

0.673 

0.787 

Drag  coefficient  C D 

0.011 

0.041 

0.083 

0.146 

0.230 

Normal  force  coefficient  C  ^ 

0.193 

0.373 

0.538 

0.683 

0.810 

Resultant  force  coefficient  C ^ 

0.193 

0.373 

0.539 

0.686 

0.815 

Chordwise  center  of  pressure 
(aft  of  leading  edge  of 
moan  chord)  CP 

0.175 

0.189 

0.209 

0.235 

0.266 

TO  FIN'D:  Bqui  "lent  values  for  A  =  0.78. 

PROCEDURE:  For  convenience,  use  subscript  1  for  the  given  values  (Aj  =  0.45)  and 

subscript  2  for  the  desired  values  (X2  =  0.76).  Referring  to  Figure  26 

of  TMB  933,  the  crossflow  drag  coefficients  are:  (Cn  )  =  1.335 

c  2 

(Cl)  ),  -  o.soo 

c  ± 


MGn  )  =  (CD  ) _-(6V) 


c  2 


=  0.535 


From  Equation  [ll  of  TMB  933  we  obtain: 


)  (arV 


\C 


where  a  is  the  attack  angle  in  radians.  This  is  used  in  F  ine  6  of  the 
detailed  calculation  sheet. 


From  Equation  [2]  of  TMB  933  we 


aKt  r)  1  T 


\c 


D  - 


-VO 


2 

1 


2.  S3 


This  is  useo  in  Line  12  of  the  detailed  calculation  sheet. 


14  5 


From  Equation  [4]  of  TMB  933  we  obtain: 


A(Cm£)  =  "?^ 

4 

This  is  used  in  Line  24  of  the  detailed  calculation  sheet. 

The  tabulation  that  follows  i.s  intended  to  be  in  a  form  that  permits  checking  step-by- 
step.  Certain  operations  are  indicated  by  line  number,  for  further  clarification. 
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TABULATION  OF  CALCULATIONS  FOR  APPENDIX  B 


Line  1 

Rudder  angle,  deg 

7 

14 

21 

28 

35 

2 

Attack  angle  a,  deg 

5 

15 

20 

Z5 

•» 

J 

Attack  angle  a 

0.0873 

0.2618 

mm 

0.4363 

4 

(«)2 

0.00762 

0.0685 

BBS 

5 

a 

e 

1.72 

1.54 

1.36 

1.18 

m 

6 

(0-535) (a,)2 

acl  = - 

L  a 

0.002 

0.011 

0.27 

0.055 

0.102 

7 

(C  ) 

L  i 

0.193 

0.373 

0.534 

0.673 

0.787 

8 

(cl)2  =  (Cl) +acl 

©  +  ® 

C.  195 

0.384 

0.561 

0.728 

0.889 

9 

<Cl>22 

0.03802 

0.14746 

0.31472 

0.52998 

0.79032 

10 

(CL)2 

L1 

0.03725 

0.13913 

0.28516 

0.45293 

0.61937 

11 

(Cl)2-(Cl)2 

®-  © 

0.00077 

0.02956 

m 

0.17095 

12 

(Cl)2-(Cl)2 

\Cn  -  2  1 

n  2.83  ae 

0.0002 

0.0077 

0.0231 

0.0604 

13 

0.011 

0.041 

0.083 

0.146 

0.230 

14 

(Cd)2  =  (Cdwacd 

©  *  © 

0.0112 

0.0423 

8.0307 

0.1691 

0.2904 

15 

(Cn\ 

0.193 

0.373 

0.538 

0.663 

0.810 

15 

COS  a 

0.9962 

0.9848 

0.9659 

0.9397 

0.9063 

17 

sin  a 

0.0872 

0.1736 

0.2588 

wmm 

0.4226 

18 

(C. )  COS  a 

©x  © 

0.1943 

0.3782 

0.5419 

0.6841 

0.8057 

19 

(CD)  Sin  a 

©  X  © 

0.0010 

0.0235 

0.0578 

0.1227 

20 

«H 

© 2  © 

0.195 

0.386 

0.565 

0.742 

0.928 

21 

(cple\ 

0.175 

0.189 

0.209 

0.235 

C.266 

22 

(CPc/4^  =  0.25  —  (CP  LE)^ 

0.25  -  @ 

+  0.075 

+  0.061 

+  0.041 

+  0.015 

-0.016 

23 

(Cm  >  =(CPc/4>  <CN> 

c/4  1  C/*  1  "l 

®x  (22) 

+  0.0145 

+  0.0227 

+  0.0220 

-0.0129 

24 

A(C  )  =  --  AC. 

mc/4  2  L 

-0.5  x  © 

-0.0010 

-0.0055 

-0.0135 

-0.0275 

SI 

25 

(Cm  >  “  (C—  >  +  A(C„ 

c/4  2  c/4  1  c/4 

®+@ 

+  0.0135 

+  0.0172 

+  0.0085 

-0.0173 

-0.0639 

26 

@T  @ 

+  0.0692 

+  0.0446 

+  0.0150 

-0.0233 

-0.C688 

27 

(CPLe)2  =  0.25-(CPc/4)2 

0.25  -  @ 

+  0.1808 

+  0.2054 

+  0.2350 

+  0.2733 

+  0.3188 

28 

<Cd>2 

®x® 

0.00013 

1 

0.00823 

0.02859 

0.08433 

29 

(Cr)?2  =  (cl)22  +  (cp)2 

@  +  © 

0.3815 

0.32295 

0.55857 

0.87465 

30 

<CR>2 

0.195 

0.386 

0.569 

0.747 

0.935 
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DISCUSSIONS 


A.  Suarez: 

This  paper  gives  some  of  the  practical  aspects  of  rudder  design.  We  in  the  Laboratories 
haven’t  digested  our  information  sufficiently  so  that  a  realistic  rudder  design  can  be  made. 
Apparently,  where  our  information  has  been  consolidated  sufficiently,  those  men  who  are  re¬ 
sponsible  for  actually  putting  a  rudder  on  a  vessel,  so  that  the  vessel  will  do  what  we  think 
it  should  do,  have  sufficient  technical  knowledge.  But  in  any  event  those  rudders  have  to  be 
designed.  We  have  to  contend  with  the  practical  engineer,  and  he  still  has  to  come  out  with 
a  rudder  engine,  the  strength  of  the  shaft,  the  size  of  the  rudder,  so  that  we  can  still  build 
vessels  that  can’t  wait. 

Mr.  Taplin  is  one  of  the  designers  who  has  to  get  an  answer.  lie  has  been  urging  the 
Controllability  Fanel  of  SNAME  to  present  some  facts,  to  give  him  the  tools,  some  information, 
so  that  we  can  build  better  and  bigger  ships.  We  still  have,  as  declared  by  Lloyds  of  London 
in  an  article  about  two  or  three  years  ago,  roughly  a  thousand  ship  accidents  per  year.  Now 
we  can’t  say  that  all  of  these  accidents  are  associated  with  the  handling  qualities  of  the 
vessels.  Some  of  them  may  be  due  to  poor  judgment,  but  of  the  thousand  accidents,  i  believe, 
from  what  I  have  seen  of  many  of  the  vessels  which  we  have  tested  in  the  Davidson  Labora¬ 
tory,  that  we  still  have  unstable  vessels.  This  is  due  primarily  to  the  fact  that  the  operators 
insist  that  the  construction  cost  of  our  vessels  be  kept  at  a  minimum  so  that  they  can  com¬ 
pete  with  foreign  manufactured  vessels  and  still  stay  in  the  market  and  still  have  an  American 
fleet  afloat. 


J.  L.  Goldman: 


I  would  like  to  make  a  comment  as  an  engineer,  and  not  as  a  designer,  working  with  the 
ship  operator.  The  importance  of  the  rudder  not  failing  is  appreciated,  and  we  are  very  con¬ 
servative  in  our  designs.  The  method  outlined  here  considered  the  type  of  loading  on  the 
rudder  which  results  when  a  ship  enters  a  turn  while  proceeding  full  speed  ahead.  This 
might  riot  necessarily  be  the  maximum  load  that  the  ruddor  is  going  to  sustain.  For  instance, 
in  a  seaway,  wave  slap  under  certain  conditions  might  be  important 

The  ship  operator  has  to  be  reasonably  3ure  that  the  whole  rudder  system  is  not  going 
to  fail  and  we  are  always  asked  to  be  overconservative  in  the  design  of  a  rudder  system  and 
have  a  high  factor  of  safety.  We  appreciate  the  importance  of  refining  these  calculations  but 
the  extra  cost  of  adding  a  iittie  more  steel  to  the  rudder  system  is  usually  requested  by  the 
shipowner  who  is  usually  also  the  ship  operator. 
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F.  S.  Cauldwell: 


I  have  a  very  brief  comment,  or  rather  an  addition  to  make  to  Mr.  Taplin’s  paper  which 
was  very  welcome  to  us.  In  the  case  of  the  DL1,  we  made  a  comparison  of  the  results  from 
tests  that  were  reported  in  a  DTMB  paper  in  Transactions,  SNAME,  1958.*  Using  this  partic¬ 
ular  method,  we  got  very  good  correlations  when  we  used  the  5:7  ratio  of  angle  of  attack  to 
rudder  deflection  angle.  Also  by  taking  a  speed  reduction  of  around  28.0  percent,  we  were 
able  to  match  the  DL1  curves  almost  exactly. 


$.  Bindel: 

In  the  case  of  a  twin-screw  ship  with  two  rudders,  do  you  fit  the  rudders  just  behind 
the  propellers  or  off-center? 

Mr.  Toplin 

One  of  the  other  things  covered  in  Captain  Saunders’  1944  report  (I  think  it  is)  is  that 
we  make  a  'nig  mistake  if  we  put  the  rudder  directly  in  line  with  the  propeller  shaft  because 
wo  get  a  cavitation  cone  coming  off  the  hub.  For  two  reasons  we  keep  the  rudder  off  the 
shafting  line:  one  is  to  avoid  this  cavitation  cone,  and  the  other  is  that  sometimes  it  sim¬ 
plifies  unshipping  the  shafting.  But  we  would  almost  never  put  the  rudder  behind  the  propeller 
centerline. 

C.  R.  Olson: 

Mr.  Taplin  has  not  mentioned  in  his  fine  paper  anything  about  model  tests  for  deter¬ 
mining  rudder  forces.  Evidently,  he  dees  not.  have  too  much  faith  in  our  ability  to  correlate 
model  results  with  full-scale  results.  Mr.  Taplin  uses  aerodynamic  test  data  for  his  calcu¬ 
lations.  We  have  good  agreement  in  our  open-water  rudder  force  tests  with  aerodynamic 
test  results.  With  our  new  maneuvering  basin  facilities,  we  should  endeavor  to  find  a 
hydrodynamic  answer  to  this  problem.  If  we  do  not  have  correlation  between  model  and  full- 
scale  ship  forces,  then  I  believe  we  should  still  run  the  model  tests  to  determine  what  the 
discrepancies  are. 


•Becker,  L.A.  and  Brock,  J.S.,  "The  Experimental  Determination  of  Rudder  Forces  During  Trials  of 
USS  NORFOLK,”  Transactions,  The  Society  of  Naval  Architects  and  Matine  Engineers,  Vol,  66  (1958). 
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ABSTRACT 


Tho  hypothesis  is  advanced  that  the  maneuverability  of  a  ship- 
helmsman  combination  is  .significantly  influenced  by  the  handling  qualities 
of  the  vessel,  these  handling  qualities  being,  in  turn,  a  critical  function 
of  the  transient  response  to  the  holm. 

The  objective  of  tho  presentation  is  to  develop  a  fundamental  un¬ 
derstanding  of  helmsman/ship/stoering-system  behavior  as  it  is  related  to 
the  basic  hydrodynamic  design  of  the  vessel  and  the  characteristics  of  the 
human  controller.  Accordingly,  a  careful  distinction  is  made  between  ship 
maneuverability  and  ship  handling  qualities  before  proceeding  to  review 
briefly  what  handling-qualities  research  with  other  vehicles  has  revealed 
about  the  nature  of  the  human  operator.  This  knowledge  is  applied  to  the 
particular  problem  of  ship-control  operations,  and  the  conclusion  is  drawn 
that  automatic-control  systems  will  play  an  increasingly  important  role 
in  improving  tho  handling  qualities  of  ships,  provided  appropriate  research 
is  performed  to  specify  valid  handling-qualities  criteria  for  waterborne 
craft.  The  manner  in  which  automatic  control  will  assist  tho  helmsman 
in  extracting  tho  full  maneuver  capability  out  of  his  vessel  is  discussed, 
and  attention  is  directed  toward  the  future,  wherein  ships  will  possess 
integrated  diroctional-  and  seakeeping-control  systems. 


INTRODUCTION 

To  state  that  the  design  of  a  rudder  and  skeg  for  a  ship  is  more  of  an  ait  than  a  scienco 
is  to  repeat  what  has  often  been  said  before.  Today,  it  is  generally  conceded  that  much  re¬ 
mains  to  be  done  in  order  to  ensure  good  ship  maneuverability  by  moans  of  rational  design 
procedures.  Thus,  in  recent  years  ship  qualities  such  as  course  stability,  case  of  steering, 
and  precise  path-keeping  and  path-changing  performance  have  been  receiving  increased 
attention  from  the  scientific  and  technical  community  concerned  with  waterborne  craft.  In 
view  of  the  increased  attention  to  these  matters— this  symposium  being  a  notoworthy 
example  — it  is  believed  that  a  good  purpose  would  bo  served  by  examining  tho  problem  of 
ship  maneuverability  from  the  systems  viewpoint.  Such  a  review  would  examine  ship  maneu¬ 
verability  as  it  is  influenced  and  determined  by  the  characteristics  of: 

1.  the  ship 

2.  the  control  system,  and 

3.  the  helmsman. 
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It  is  hoped  that  this  kind  of  review  will  tell  us  where  we  stand' today  with  perhaps  a  new  and 
unorthodox  viewpoint  (perhaps  also  controversial),  and  in  so  doing,  will  assist  in  the  formula¬ 
tion  of  research  programs  required  to  convert  existing  design  procedures  from  an  art  to  precise 
technology. 

Today,  when  limited  knowledge  or  theory  exists,  the  engineer  or  designer  very  frequents 
ly  relies  on  past  experience  for  direction  and  guidance.  Thus,  ships  characterized  by  operators 
as  having  satisfactory  steering  and  maneuvering  qualities  often  serve  as  a  guide  for  future 
designs.  In  those  cases  where  the  designer  is  in  doubt,  he  can  resort  to  tank  tests  in  order 
to  check  the  behavior  of  his  latest  creation.  But  how  does  the  designer  proceed  to  advance 
the  state  of  the  art?  Since  refinements  in  design  often  lead  to  technical  complexities 
and  perhaps  additional  costs,  what  criteria  can  the  designer  use  in  making  a  choice  between 
several  design  alternatives  or  in  selecting  a  final  compromise?  Questions  that  are  particularly 
basic  to  the  specific  topic  under  discussion  are: 

How  maneuverable  should  ships  bo  in  order  to  perform  their  designated 
missions? 

How  easy  should  they  be  to  control? 

What  are  the  benefits,  both  from  the  considerations  of  economics  and 
safety,  if  the  helmsman  can  perform  his  task  with  greater  ease  and  precision, 
or  if  ship  control  were  a  task  made  sufficiently  simple  that  any  member  of  tho 
crew  could  take  over  the  helm? 

These  questions  must,  at  present,  go  unanswered.  Vet  it  appears  that  answers  should 
be  obtained  in  order  to  determine  the  degree  to  which  advances— substantial  or  otherwise- 
are  required  in  the  stability  and  control  of  waterborne  craft.  The  argument  is  advanced  that 
valid  answers  will  be  obtained  only  by  approaching  the  problem  from  a  systems  or  integrated 
viewpoint.  This  papor  does  not  propose  to  examine  or  answer  all  the  questions  raised  above. 
Rather,  it  will  strive  to  develop  a  fundamental  understanding  of  helmsman  'steering-gear,  ship- 
system  behavior  as  it  bears  or,  the  design  conflicts  inherent  in  achieving  good  maneuverability 
and  good  handling  qualities.  It  is  hoped  that  these  efforts  will  permit  valid  conclusions  to  be 
drawn  on  the  role  that  automatic-control  systems  can  and  should  play  in  improving  the  handling 
qualities  of  ships  and  thereby  aid  the  helmsman  in  extracting  the  full  maneuver  capability  out 
of  his  vessel.  Another  objective  of  the  paper  is  to  postulate  a  theory  of  inan/control  system/ 
ship  behavior  that  will  pinpoint  the  kind  of  research  needed  to  answer  some  of  the  basic 
questions  raised  above. 


A  REDEFINITION  OF  TERMS 

No  attempt  will  be  made  here  to  review  all  of  the  literature  pertinent  to  the  problems 
•of  steering  and  maneuvering  waterborne  craft.  It  is  sufficient  to  note  that  ship  builders, 
designers,  and  operators  have  been  concerned  with  this  problem  from  perhaps  the  earliest 
days  of  water  transportation  up  to  the  present  time,  when  technologists  are  devoting  an 
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exponentially  increasing  amount  of  attention  to  ship  stability  and  control. 

The  recent  (i.eM  starting  in  the  early  forties)  and  current  treatments  of  ship  stability 
and  control  have  dealt  with  many  aspects  of  this  general  topic  and  have  succeeded  in  formal¬ 
izing,  to  a  degree,  suitable  and  appropriate  terminology.  Thus  we  have  turning ,  maneuvering , 
and  course  changing  or  path  changing  as  synonymous  concepts  which  embrace  both  the  steady- 
state  and  transient  characteristics  of  the  ship/steering-system  combination.  Similarly, 
steering  and  course  keeping  or  path  keeping  are  generally  accepted  as  synonymous  concepts 
that  also  embrace  static  and  dynamic  behavior  of  the  elements  involved. 

Traditionally,  a  majority  of  authors  have  considered  only  the  hydrodynamic  character¬ 
istics  of  the  hull  and  its  appendages  as  having  bearing  on  the  course-keeping  and/or  course¬ 
changing  properties  of  a  vessel.  In  contrast,  Dieudonne1  has  stressed  that  course  stability 
(stability  of  route)  is  significantly  influenced  also  by  the  performance  of  the  steering  gear, 
namely,  its  static  resolution  and  dynamic  behavior  (i.e.,  followup  lag  between  helm  and 
rudder).  In  his  words: 

“Maneuverability  is  the  readiness  or  the  ability  of  a  ship  when 
traveling  in  good  weather  and  in  a  calm  sea,  to  take  the  path  which  the 
steersman  desires  it  to  follow.  This  depends  u|>on: 

1.  The  rapidity  of  the  response  of  the  ship  to  the  action  of  the 
rudder.  This  in  turn  is  influenced  by  the  rapidity  of  shifting 
the  helm  and  rudders,  that  is  to  say,  by  the  characteristic 
of  the  steering  apparatus.” 

Note  that  Dieudonne  delines  maneuverability  as  a  ship  property  which,  in  turn,  is  a 
function  of  both  the  turning  response  to  rudder  and  the  response  of  the  steering  apparatus. 

In  addition,  ho  brings  the  human  operator  into  his  definition  by  referring  to  “the  path  which 
the  steersman  desires  to  follow.”  A  definition  of  this  type  raises  the  question  as  to  what 
is  meant  by  the  concepts  of  turning  and  course-keeping  qualities.  Are  we  referring  only  to 
ship  behavior,  as  it  influences  these  concepts,  or  do  we  mean  the  behavior  of  a  closed-loop 
system  where  the  human  controller  is  an  essential  part  of  the  loop?  In  the  past,  this  distinc¬ 
tion  has  not  been  drawn  very  carefully.  This  is  not  surprising  since  it  is  indeed  difficult  to 
define  rigorously  the  handling-qualities  terms  that  properly  account  for  the  human  element  in 
the  system.  This  is  because  of  the  tendency  for  objective  measures  of  performance  to  become 
inextricably  intermingled  with  criteria  of  performance. 

The  necessity  of  adopting  a  systems  viewpoint  is  thereby  emphasized,  -and  it  is  most 
important  that  terminology  be  carefully  defined  in  order  to  proceed  to  examine  ship  maneu¬ 
verability  from  a  systems  point  of  view.  For  example,  the  terms  course  changing  (path 
changing)  and  course  keeping  (path  keeping)  have  been  mentioned  above,  without  definition, 
as  two  concepts  that  have  relevance  to  the  problem  of  positioning  and  orienting  a  vessel  in 
the  horizontal  plane.  We  can  sharpen  up  the  definition  of  these  two  terms  by,  first  of  all, 
stating  that  they  describe  two  separate  aspects  of  the  handling  qualities  of  a  vehicle  moving 
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in  a  horizontal  piano.  Second,  we  must  note  that  handling  qualities  are  subjective  in  nature; 
that  is,  the  term  implies  an  evaluation  by  the  helmsman  of  the  following  two  properties  of  a 
waterborne  craft: 

1.  the  ease  and  precision  with  which  it  is  possible  to  turn  the  ship  or  achieve  a  desired 
path,  and 

2.  the  ease  and  precision  with  which  a  path  or  heading  is  maintained. 

The  first  subjective  property  is  denoted  by  the  term  course-changing  qualities,  and  the  second, 
by  course-keeping  qualities. 

It  should  be  pointed  out,  however,  that  these  two  subjective  propertie.  -an  be  related 
to  objective  measures  of  ship-maneuvering  and  course-keeping  behavior.  Thus,  it  is  a  well 
established  fact  that  the  objective  problem  of  measuring  and/or  defining  the  maneuvering 
performance  of  a  ship  can  be  solved  by  evaluating  the  lateral  stability  and  control  character¬ 
istics  of  a  ship  and  its  steering  system.  Further,  objective  measures  of  performance  can  be 
stated  in  quantitative  terms,  independent  of  any  subjective  evaluation  or  application  of  crite¬ 
ria  derived  from  closed  loop  performance. 

Within  the  framework  provided  by  the  above  discussion,  the  handling-qualities  problem 
is  defined  as  follows: 

The  determination  of  satisfactory  handling  qualities  constitutes,  in 
substance,  the  isolation  of  those  objective  moasures  of  ship  and  steering- 
gear  performance  which,  when  presented  to  a  human  controller  in  the  process 
of  closing  the  control  loop,  produces  a  satisfactory  subjective  opinion  and/or 
satisfactory  performance  of  the  man-machine  combination. 

In  summary,  there  are  objective  measures  of  directional  performance  (stability  and 
control)  which  can  bo  transformed  to  a  measure  of  handling  qualities  when  the  helmsman  is 
brought  into  consideration  through  his  closure  of  the  control  loop.  Stability  and  control 
properties  and  steering-gear  properties  which  produce  good  handling  qualities,  (that  is,  good 
closed-loop  performance)  can  therefore  be  related  to  good  maneuverability  when  maneuverabil¬ 
ity  is  defined  as  a  performance  characteristic  of  a  helmsman/steering-gear/ship  system. 

THE  ROLE  OF  THE  HUMAN  OPERATOR 

A  purely  heuristic  reasoning  process  leads  one  to  conclude  that  it  is  the  characteristics 
or  capabilities  of  the  human  controller  which  determine  whether  a  given  set  of  stability  and 
control  characteristics  will  produce  satisfactory  closed-loop  performance.  If  a  block  diagram 
of  the  helmsman/steering-gear/ship  system  is  drawn  (Figure  1),  wherein  the  human  operator 
is  treated  as  a  servo-system  element,  the  performance  of  this  system  can  be  analyzed, 
provided  the  characteristics  of  each  component  in  the  system  are  known.  Placing  the 
problem  in  this  form  gives  us  a  more  logically  compelling  method  of  defining  handling  quali¬ 
ties  by  stating  that  specific  steering-gear  and  ship  dynamic  characteristics  are  conducive 
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to  good  handling  qualities  when  adequate  closed-loop  performance  is  achieved  with  minimum 
burdens  being  placed  on  the  dynamic  performance  of  the  helmsman. 


Figure  1  —  The  Helmsman/Steering  Gear/Ship  System 


The  system  approach  represented  by  Figure  1  and  the  above  advanced  hypothesis  on 
handling  qualities  have  been  basic  to  the  efforts  now  being  expended  in  the  aeronautical 
field  to  advance  the  state  of  the  art  in: 

1.  improving  aircraft  flying  qualities, 

2.  defining  valid  handling  qualities  criteria  for  aircraft,  and 

3.  improving  closed-loop  performance  of  tracking  systems  that  include  a  human  operator. 

To  this  end,  a  significant  amount  of  research  has  been  performed  following  two  general 
approaches.  One  approach  has  been  to  systematically  gather  pilot-opinion  data  as  a  means 
of  bounding  the  stability  and  control  characteristics  that  are  conducive  to  good  handling 
qualities,  arid  the  other  approach,  has  bo^n  to  develop  an  understanding  of  the  human  operator 
as  a  servo  element  such  that  feedback-control  system  techniques  could  he  used  to  synthesize 
an  optimum  closed-loop  system. 

Although  this  work  will  no  be  reviewed  in  detail,  certain  results  obtained  from  research 
performed  in  the  aeronautical  field  and  from  stability  and  control  and  handling-qualities 
investigations  performed  with  other  vehicles  will  bo  summarized,  since  this  research,  in  the 
aggregate,  has  produced  a  qualitative  understanding  of  man  and  the  role  ho  nlays  in  vehicle 
control.  It  is  believed  that  a  review  of  this  knowledge  will  be  of  advantage  in  placing  into 
proper  perspective  subsequent  discussion  of  helmsman/ steering-gear/ship  system  performance. 

The  Air  Force-sponsored  studies  have  shown  that  the  inherent  adaptability  cf  man  in  a 
system  makes  it  impossible  to  formulate  a  general  “human  transfer  function”  even  for  simple 
tracking  experiments  performed  in  the  laboratory.  Certainly  the  dynamic  model  of  man  as 
developed  by  McRuer  and  Krondel2  is  based  on  laboratory  experimentation  that  is  far  removed 
from  reality  as  experienced  by  man  in  his  attempts  to  control  and  guide  a  vehicle.  Neverthe¬ 
less,  these  tentative  models  have  led  to  a  conclusion  derived  by  servo- engineering  procedures 
that  agree  with  a  similar  conclusion  derived  through  psychological  reasoning.3  This  conclu¬ 
sion  is  that  optimum  system  performance  will  be  obtained  when  the  “least  demands”  are 
made  on  the  human  operator,  namely  man  becomes  the  equivalent  of  a  simple  amplifier. 
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This  is  equivalent  to  stating  that  the  transfer  characteristic  of  the  controlled  element  should 
possess  approximately  zero  dynamics. 

It  should  not  be  overlooked  that  these  results  have  been  derived  from  analyses  of 
restricted  tracking  experiments  that  are,  as  was  previously  mentioned,  situations  that  are  far 
removed  from  real-life  control  of  vehicles.  Nevertheless,  it  has  been  possible  to  use  a  human- 
servo  model  in  conjunction  with  known  aircraft  dynamic  characteristics  to  perform  an  analysis 
that  correlates  remarkably  well  with  pilot  opinion  data  obtained  in  flight  tests.  These  find¬ 
ings  point  up  the  validity  of  the  following  concept,  as  expressed  by  .Westbrook  and  McRuer:4 
“pilot  opinion  of  an  airframe  configuration  is  closely  correlated  with  closed-loop  performance, 
and  hence  to  some  extent  with  the  transfer  characteristics  and  parameters  adapted  by  the 
pilot  to  control  the  configuration. *’  Again  the  experimental  data  support  the  conclusion  that 
optimum  system  performance  is  obtained  and  therefore,  the  controlled  element  possesses 
optimum  handling  qualities,  when  the  human  controller  is  permitted  considerable  variation  in 
his  transfer  function.  This  allowable  variation  in  performance  of  the  human  controller— in 
other  words,  no  rigid  demands  are  placed  on  his  transfer  function— is  a  result  that  bears 
considerable  resemblance  to  the  “least  demands”  theory  postulated  by  Birmingham  and 
Taylor  and  substantiated,  to  a  remarkable  degree,  by  McRuer  and  Krendel.5 

To  recapitulate,  the  tracking  experiments  indicate  that  the  dynamics  of  the  controlled 
element  should  be  practically  nonexistent  to  produce  optimum  closed-loop  performance.  This 
result  can  be  interpreted  in  either  of  two  ways: 

1.  Zero  dynamics  between  the  output  of  man  (i.e.,  control  force  or  displacement)  and  the 
output  of  the  controlled  element  moans  that  no  integration  or  differentiation  is  required  on  the 
part  of  the  human  operator  and  he  can  thus  perform  his  control  task  in  a  manner  analogous  to 
a  simple  amplifier. 

2.  Zero  dynamics  means  that  there  are  essentially  no  lags  or  time  delays  between  his 
output  and  the  vehicle  response  he  aspires  to  produce. 

The  question  then  arises:  How  well  does  the  second  interpretation  agree  with  the  results  of 
flight  test  and  our  everyday  experience  in  the  control  of  other  vehicles? 

Data  obtained  in  research  programs  examining  the  longitudinal  flying  qualities  of 
aircraft6  result  in  the  iso-opiriicn  chart  pictured  in  Figure  2.  It  is  seen  that  the  short  period 
natural  frequencies  and  damping  ratios  associated  with  good  handling  qualities,  as  measured 
by  pilot  opinion,  represent,  on  the  average,  a  second-order  dynamic  system  having  a  response 
time  of  1.0  second,  where  response  time  is  defined  as  the  time  required  for  the  transient  re¬ 
sponse  to  reach  and  remain  within  95  percent  of  its  steady-state  value.  This  is  a  result  which, 
although  strictly  applicable  only  to  the  performance  of  longitudinal  flying  tasks  in  a  fighter 
aircraft,  demonstrates  that  the  second  interpretation  (of  the  real  significance  of  the  require¬ 
ment  for  zero  dynamics)  has  validity.  The  hypothesis  is  substantiated  by  our  everyday  expe¬ 
rience  in  the  control  of  automobiles  where  the  existence  of  good  handling  qualities  is  indicated 
by  the  very  small  learning  time  required  for  the  average  person  to  learn  the  steering  process 
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Figure  2  —  Aircraft  Longitudinal  Handling  Qualities  Criteria 
as  Derived  from  Pilot  Opinion  D^ta 

and  furthermore  execute  very  precise  path-following  and  path-changing  maneuvers.  Figure  3 
shows  that  typical  automobiles  have  essentially  instantaneous  response  at  very  low  speods 
with  the  response  time  increasing  to  approximately  1  second  for  a  directionally  stable  auto¬ 
mobile  moving  at  60  miles  per  hour.  It  is  seen  that  these  response  times  are  akin  to  those 
exhibited  by  a  typical  subsonic  fighter  aircraft. 

On  the  other  hand,  there  are  examples  of  slower  responding  vehicles  that  are  known  io 
be  difficult  to  control  and  that  have  been  universally  adjudged  to  possess  poor  handling 
qualities.  The  helicopter  is  an  excellent  example.  The  response  time  is  on  the  order  of  10.0 
seconds  in  certain  flight  configurations  wherein  it  is  dynamically  stable  or  has  been  made 
stable  by  appropriate  means.  It  has  been  observed'  that  this  long  response  time  in  helicopters 
is  responsible  for  a  control  behavior  mode  on  the  part  of  man  that  is  best  termed  overcontrolling. 
This  behavior  can  also  be  observed  during  the  manual  control  of  surface  vessels  and  sub¬ 
marines;  however,  full  discussion  of  this  point  will  be  made  later  in  the  paper. 

Thus  far,  an  attempt  has  been  made  to  show  that  a  substantial  body  of  research  evidence 
demonstrates  the  human  controller  to  be  so  constituted  such  that  optimum  closed-loop  perform¬ 
ance  of  a  man/control/vehicle  system  is  attained  only  when  adequate  restrictions  are  placed 
on  the  dynamics  of  the  vehicle/control-system  combination.  Those  restrictions  have  been 
demonstrated  elsewhere  to  be  a  dual  function  of: 
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Figure  3  —  Frequency  and  Damping  Characteristics 
of  the  Directional  Mode  of  Automobiles 
(for  Throe  Levols  of  Static  Margin) 

1.  man’s  dynamic  behavior,  and 

2.  the  control  task  specified  by  the  mission  of  the  vehicle  and  the  environment  in  which 
it  operates. 

Although  major  stress  has  been  placed  on  the  dynamic  characteristics  of  the  vehicle/ 

control  system  in  determining  handling  qualities,  the  influence  of  the  various  steady-state 

characteristics  of  the  vehicle/ control  system  should  not  be  overlooked  in  this  regard.  For 

example,  the  static  sensitivities,  as  defined  by  the  ratio  of  vehicle  steady-state  response  to 

6 

control  displacement  and/or  control  force,  have  been  found  to  play  a  very  important  role  in 
the  definition  of  handling  qualities.  Similarly,  laboratory  studies  have  shown1 2 * * * * * 8  that  the 
presence  of  friction,  backlash,  and  flexibility  in  a  control  system  significantly  influence 
aircraft  handling  qualities  in  pursuit-tracking  experiments.  Full-scale  experiments  with  auto¬ 
mobiles  have  also  demonstrated  the  importance  of  these  control  parameters  in  influencing 
overall  control  quality. 
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THE  DYNAMICS  OF  WATERBORNE  CRAFT  CONTROLLED 
BY  HUMAN  OPERATORS 


Unfortunately,  one  cannot  apply  the  previously  discussed  concepts  to  ships  as  conveniently 
as  to  other  vehicles  since  waterborne  craft  tend  to  be  significantly  nonlinear  in  their  behavior. 

The  characteristic  nonlinear  relationship  between  ship-rudder  angle  and  steady-state  yawing 
velocity  is  due,  of  course,  to  the  nonlinear  hydrodynamic  characteristics  of  the  hull  and  the 
nonlinear  control  effectiveness  of  the  rudder.  Furthermore,  the  handling-qualities  discussion 
in  dealing  with  response  times,  assumed,  a  priori ,  that  the  vehicle/control  svstem  was 
stable.  It  is  a  matter  of  common  experience  that  certain  ships  exhibit  dynamic  instability  for 
small  ranges  of  turning  velocity  and  become  stable  in  turning  after  a  certain  level  of  path 
curvature  has  been  reached.  Full-scale  experience  has  demonstrated1,9  that  such  behavior 
is  not  conducive  to  good  course  keeping  and  therefore  is  detrimental  to  the  overall  achieve¬ 
ment  of  good  handling  qualities. 

Notwithstanding  the  tendency  of  waterborne  craft  to  exhibit  nonlinear  hydrodynamic 
characteristics,  it  is  still  proper  to  consider  their  dynamic-response  characteristics  irrespec¬ 
tive  of  the  degree  to  which  this  response  is  influenced  by  the  nonlinear  force  and  moment 
characteristics  of  the  hull  and  its  appendages.  It  is  immediately  observed  that  the  response 
times  that  are  characteristic  of  ships  place  these  craft  into  an  operating  realm  that  is  com¬ 
pletely  divorced  from  the  time  scale  that  is  operative  with  vehicles  such  as  aircraft  and 
automobiles.  The  question  now  arises:  To  what  degree-can  >ve  utilize  our  knowledge  about 
human  behavior  as  it  determines  the  handling  qualities  of  fast-responding  vehicles  to  extend 
our  understanding  of  ship-handling  qualities  and  ship  maneuverability? 

Before  proceeding  to  discuss  this  question  and  its  possible  answers,  certain  observa¬ 
tions  can  and  should  be  made.  First  of  all,  even  a  casual  observation  of  the  manner  in  which 
a  helmsman  and  a  driver  of  an  automobile  both  perform  their  steering  tasks  shows  that  there 
is  a  considerable  difference  in  their  behavior.  The  latter  rarely  uses  all  of  the  steering 
control  that  he  has  available  (except  when  parking,  making  U  turns,  etc.)  and  by  and  largo, 
acts  as  a  proportional  controller,  turning  the  wheel  in  proportion  to  the  steady-state  path 
curvature  that  is  required  to  follow  the  road.  The  helmsman,  however,  can  be  observed  to 
make  course  changes  by  swinging  the  helm  hard  over  and  then  checking  his  turn  by  swinging 
his  helm  hard  in  the  other  direction.  This  is  followed  by  a  return  of  the  helm  to  neutral;  that 
is,  if  he  is  skilled  and  intimately  knows  his  ship;  otherwise  several  oscillations  of  the  helm 
will  occur  before  he  steadies  down  on  his  desired  course.  It  appears  that  the  helmsman  is 
acting  like  a  "bang-bang”  controller  and,  in  truth,  this  “bang-bang”  control  principle  is 
analogous  to  what  is  taking  place. 

Earlier,  mention  was  made  of  the  tendency  for  operators  to  overcontrol  slow-responding 
systems.  This  overcontrolling  can  easily  be  observed  with  unskilled  operators  attempting  to 
maneuver  a  ship  or  a  submarine.  It  is  now  pertinent  to  ask  whether  the  model  of  the  human 
controller  discussed  earlier  (specifically  his  desire  to  control  a  system  with  minimum 
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dynamics,  i.e.,  minimum  time  lags)  explains  this  tendency  to  overcontrol  or  to  operate  in  a 
“bang-bang”  manner.  A  servo  analysis  will  immediately  show  that,  if  the  human  operator  is 
not  content  with  controlling  a  slow  system  and  desires  to  speed  up  the  response  (a  concept 
called  response  augmentation ),  the  “bang-bang”  control  mode  will  automatically  appear. 

This  result  will  occur  particularly  in  those  instances  where  the  controlled  element  has  limits 
ed  control  power  (ratio  of  available  control  moment  to  inertia)  as  is  the  case  for  ships. 

It  now  becomes  instructive  to  examine  the  closed-loop  behavior  exhibited  by  a  helms¬ 
man/steering-gear/ship  system  with  the  aid  of  purely  intuitive  reasoning.  On  the  open  sea 
his  threshold  for  visual  sen  sing  of  yaw  rate  or  path  curvature  is  appreciably  higher  than  that 
of  the  driver  of  a  car.  Presumably,  this  helmsman,  with  human  limitations  on  (1)  perception 
and  (2)  ability  to  integrate  into  the  future,  is  not  willing  to  set  a  rudder  angle  that  will  even¬ 
tually  produce  the  desired  rate  of  yaw  but  which,  for  a  significant  duration  subsequent  to  his 
action  at  the  helm,  will  produce  an  imperceptible  response.  Accordingly,  he  puts  the  helm 
over  hard  in  such  manner  that  the  resulting  response  is  sufficient  to  establish  that  he  has 
control  over  his  ship. 

This  line  of  reasoning  could  be  continued  to  explain  the  remainder  of  the  process. 
However,  it  is  evident  that  the  process  described  above  will  produce  the  same  saturation 
type  of  control  that  results  from  a  servo-oriented  analysis  procedure. 

On  the  basis  of  the  foregoing  discussion,  it  is  submitted  that: 

1.  the  knowledge  ohtained  from  human-dynamics  research, 

2.  the  results  derived  from  pure  intuitive  reasoning,  and 

3.  everyday  experience  and  observation 

all  support  the  general  conclusion  that  a  helmsman  will  attempt  to  augment  (i.e.,  speed  up) 
the  response  of  his  ship  as  he  proceeds  to  carry  out  his  control  task.  It  is  further  postulated 
that  the  degree  to  which  a  human  controller  attempts  to  speed  up  a  slow  responding  system  is, 
in  addition  to  being  a  function  of  the  transfer  characteristics  of  man,  a  critical  function  of  tho 
operational  task;  namely,  tho  required  precision  of  steering. 

This  latter  point  (namely,  the  required  precision  of  steering)  is  a  concept  that  is  funda¬ 
mental  to  an  integrated  assessment  of  ship  maneuverability.  As  indicated  by  Saunders, 10 
this  is  one  of  the  areas  in  which  knowledge  is  so  woefully  lacking.  It  would  appear  that  a 
program  of  research,  properly  conceived  and  performed  with  suitably  modified  ships,  will  be 
essential  in  order  to  establish  valid  handling  qualities  criteria  as  a  function  of  the  maneuvers 
a  ship  is  typically  required  to  perform.  (Needless  to  say,  it  is  conceivable  that  a  higher  order 
of  handling  qualities  could  make  possible  closed-loop  maneuvers  that  under  present  circum¬ 
stances  are  never  attempted  by  experienced  helmsmen.) 

Although  it  is  probably  universally  recognized  by  naval  technologists  that  there  is 
some  minimum  response  level  which  designers  should  provide  in  order  to  establish  adequate 
turning  and  course-keeping  qualities,  there  is  probably  no  consensus  of  opinion  on  what  this 
minimum  level  should  be.  In  1946,  Davidson  and  Schiff11  proposed  a  set  of  hydrodynamic 
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design  goats  that  would,  in  offoct,  provido  a  ship  response  to  ruddor  bolioved  by  these  inves¬ 
tigators  to  ensure  good  turning  and  courso-koeping  qualities.  Thoir  conclusions  were  based 
on  an  examination  of  oxisting  dosign  practico  and  bore  no  relationship  whatsoovor  to  the  basic 
requirements  of  the  helmsman  closing  the  loop  or  to  any  quantitative  moasuro  of  required 
steoring  performance  or  precision.  Their  analysis  was  an  opochal  ovent  in  the  field  of  ship 
stability  and  control,  but  subsequent  invostigators  have  not  appreciably  advances!  the  state 
of  the  art  other  than  to  belabor  the  point  that  quickoned  response  or  iinprovod  stability  is 
attained  at  the  expense  of  maximum  steady-state  turning  performance.  It  is  precisely  this 
compromise  that  is  at  the  heart  of  the  ontire  problem,  and  it  is  arguod  horo  that  ovory  offort 
should  bo  exerted  to  acquire  tho  research  data  that  aro  noeded  to  assist  tho  designer  in 
resolving  his  dilemma. 


THE  ROLE  OF  AUTOMATIC  CONTROL  IN  THE  IMPROVEMENT 
OF  SHIP  MANEUVERABILITY 

In  view  of  tho  lack  of  handling-qualitios  criteria  for  slow  responding  systems  such  as 
ships  (that  is,  criteria  obtainod  from  rosoarch  that  accounts  for  human-oporator  performance 
and  stoering-task  requiromonts),  the  following  hypothesis  is  advanced: 

A  suitable  interim  moasuro  of  handling  qualities  for  ships  is  tho  degree 
to  which  a  helmsman  provides  rosponse  augmentation  in  performing  typical 
manouvors  of  courso-changing,  path-keeping,  etc.  Control  actions  containing 
a  largo  dogroo  of  rosponse  augmentation  indicato  poor  handling  qualitios, 
and  control  actions  containing  little  or  no  responso  augmentation  indicate 
good  handling  qualitios  and  thorofore  good  closod-loop  steering  performance. 

Tho  above  statement  is  based  on  tho  hypothosis  that  any  and  all  steoring  inputs  by  the 
helmsman  in  excess  of  what  would  be  suppliod  when  ho  is  ponnittod  to  act  as  a  proportional 
controllor  roprosents  demands  on  his  dynamic-transfer  capabilities  that  will  in  all  likelihood: 

1.  reduce  his  subjective  rating  of  tho  ship, 

2.  increase  tho  training  time  necossary  to  porfonn  tho  roquired  steoring  tasks  with  the 
desirable  degree  of  precision, 

3.  result  in  loss  than  optimum  closed-loop  steoring  performance  if  the  oporator  is 
unskilled,  and 

4.  prevent  even  the  skilled  helmsman  from  performing  preciso  manouvors  under  very 
unfavorable  operating  conditions. 

It.  is  quite  probable  that  tho  proposed  interim  standard  for  good  handling  qualities  will 
require  ship  stability  and  control  characteristics  that  cannot  be  achieved  by  suitable  hydro- 
dynamic  design.  Ships,  by  virtue  of  all  the  design  considerations  that  must  be  brought  to 
bear,  invariably  possess  largo  yawing  moments  of  inertia  relative  to  their  dynamic  stability 
or  their  total  hydrodynamic  stiffness  in  turning.  A  corollary  feature  of  this  small  resistance 
to  turning  is  that  they  need  relatively  small  rudders  to  produce  steady-state  turning  radii  that 
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are  exceptionally  small  when  viewed  on  a  nondimensional  basis.  Manifestly,  small  control 
powers  and  very  low  levels  of  dynamic  stability  are  not  conducive  to  producing  a  fast-respond- 
responding  system.  It  appears  that  the  only  means  by  which  significant  gains  could  be 
achieved  in  shortening  the  response  times  of  large  waterborne  craft  would  be  to  resort  to 
automatic-control  systems  that  position  the  rudder  as  a  function  of  the  response  of  the  ship. 

Ample  descriptions  of  the  principles  and  design  details  of  response  augmentation  sys¬ 
tems  can  be  found  in  the  aeronautical  literature.  Recently  a  study,12  performed  to  (1)  estab¬ 
lish  the  information  requirements  for  submarine  control  and  (2)  determine  the  optimum  location 
of  the  human  operator  in  the  ship-control  loop,  resulted  in  the  application  of  a  response  aug¬ 
mentation  system  to  yield  the  optimum  trajectories  (limit  maneuvers)  that  could  be  executed 
with  a  specific  hull.  Although  the  concept  of  a  limit  maneuver  was  not  new,  the  ultimate 
maneuvering  performance  of  the  submarine  was  defined  in  a  unique  way.  Specifically,  a 
feedback-control-system  analysis  was  performed  to  yield  a  closed-loop  system,  whose  response 
was  as  rapid  and  well  damped  as  is  possible  to  achieve  with  the  given  hull  and  hydrodynamic 
control  surfaces.  Thi3  study  demonstrated  that  the  handling  qualities  of  the  conventional 
submarine  are  such  that  the  full  maneuver  capabilities  of  the  submarine  cannot  be  exploited 
by  the  human  controller.  The  provision  of  response  augmentation  through  automatic  control 
systems  would  undoubtedly  be  a  step  in  the  direction  whereby  the  manual  controller  is  given 
increased  ability  to  perform  more  precise  and  more  rapid  maneuvers. 

It  should  be  noted  that  response  augmenters,  by  their  very  naturo,  are  stability  aug- 
menters  as  well.  On  application,  they  also  eliminate  the  hysteresis  loop  observed  »n  the 
so-called  spiral  maneuver  and  thus  markedly  improve  the  course-keeping  qualities  of  an 
otherwise  unstable  ship. 

The  above  remarks  on  the  role  of  response  augmentation  indicate  that  the  time  may  not 
be  too  far  distant  when  feedback-control  systems  will  be  utilized  to  improve  the  handling 
qualities  of  seagoing  vessels,  as  well  as  their  seakeeping  properties.  Response  augmentation 
systems  should  not  be  confused  with  autopilot-type  systems  that  provide  ships  with  a  sensi¬ 
tivity  to  an  ordered  heading  or  provide  a  submarine  with  a  sensitivity  to  an  ordered  depth. 
Rather,  we  are  speaking  of  systems  that  augment  or  alter  the  dynamics  of  a  ship,  making  it 
more  amenable  to  precise  manual  control.  Recognition  should  also  be  given  to  the  fact  that 
augmentation  of  the  turning  responso  could  conceivably  increase  the  roll  excitation  due  to 
turning.  In  such  an  event,  the  roll  dynamics  of  the  ship  would  couple  to  an  increased  extent 
with  its  turning  dynamics.  If  this  proves  to  be  the  case,  consideration  would  conceivably  bo 
given  to  coupling  the  roll  stabilizers  of  a  ship  with  the  control  system  actuating  the  rudder. 

Irrespective  of  whether  the  response-augmentation  concept  will  ultimately  be  exploited 
in  future  ship  designs,  it  will  necessarily  play  an  important  role  in  conducting  research  exper¬ 
iments  required  to  shed  light  on  the  overall  ship  handling-qualities  problem.  The  need  for 
this  research  was  stressed  earlier  in  the  presentation,  and  it  is  encouraging  to  note  that  the 
proper  performance  of  these  necessary  handling-qualities  investigations  are  in  no  wise 
restricted  by  the  present  state  of  the  control  art. 
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CONCLUDING  REMARKS 


In  summary,  it  has  been  postulated  that: 

1.  Ship-response  characteristics  required  for  good  handling  qualities  (i.e.,  good  man- 
machine  performance  and  high  rating  of  response  by  subjective  opinion)  are,  in  part,  a 
function  of  the  transfer  characteristic  of  man  and,  in  part,  a  function  of  the  operational  task; 
namely,  the  required  steering  maneuvers  and  the  required  precision  of  execution. 

2.  Valid  handling-qualities  criteria  for  surface  ships  can  only  be  defined  by  carefully 
conducted  experiments  with  full-scale  ships,  in  which  proper  recognition  is  given  to  each 
element  of  the  closed-loop  system  and  proper  distinction  is  made  between  static  and 
dynamic  phenomena. 

3.  Lacking  valid,  substantiated  criteria  for  assessing  handling  qualities  of  vehicles 
possessing  extremely  long  response  times,  a  suitable  interim  measure  of  handling  qualities 
is  the  degree  to  which  a  human  controller  provides  response  augmentation  in  performing 
typical  maneuvers,  such  as  course  changing,  path  keeping,  etc. 

4.  The  nature  of  ship  hydrodynamics  is  such  that  drastically  improved  response  is  not 
likely  to  be  achieved  through  hydrodynamic  design  of  the  hull,  but  rather  by  moans  of  in¬ 
creased  rudder  power  actuated  by  an  automatic  control  system. 

5.  The  transient  response  to  the  helm  is  fundamental  to  the  determination  of  handling 
qualities,  which,  in  turn,  govern  the  speed  and  preciseness  of  control  (i.e.,  maneuverability) 
that  can  be  exhibited  by  a  helmsman/steoring-gear,  ship  system. 
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H.E.  Sounders: 


DISCUSSIONS 


I  am  going  to  have  to  bo  a  little  careful  of  what  1  .say  now.  I  don’t  want  to  detract  from 
the  valiant  efforts  of  the  author  or  from  the  results  which  have  boon  achieved  in  the  conclusion, 
but  I  had  hoped  that  the  author  of  this  paper  might  tell  us  the  story  of  it  in  words  that  wo  can 
understand,  i  am  afraid  that  a  great  deal  of  the  meaning  of  this  paper  which  1  read  at  home,  in 
quiet  and  leisure  is  lost  upon  me  because  I  just  didn’t  know  what  you  were  trying  to  say.  It 
is  difficult  of  course  when  someone  comes  out  of  a  select  circle,  as  it  wore,  and  uses  his 
specialized  language  for  the  benefit  of  other  people.  Many  of  you,  I  am  sure,  are  facing  what 
I  am  facing  now,  to  find  our  way  through  what  they  might  call  the  statistical  phase  for  naval 
architects.  Now  I’m  a  little  bit  handicapped  because  I’m  very  much  interested  in  what  the 
author  is  trying  to  do  and  what  he  is  trying  to  say,  but  I  am  going  to  have  to  go  home  and 
translate  this  or  get  it  translated. 

However,  there  is  one  point  which  1  think  I  gathered  well  enough  to  comment  upon.  1 
really  believe  that  the  author  here  has  missed  one  whole  factor  in  his  box  diagram  and  loop. 

And  that  factor  is  the  person  or  whatever  agency  which  gives  the  orders.  Mr.  Bindel's  paper, 
which  will  be  given  this  afternoon,  makes  continual  mention  of  the  pilot  who  is  directing  the 
operations  in  the  model  basin  under  the  carriage.  Those  of  you  who  were  here  in  1946,  1917. 
and  194S  will  remember  that  when  we  did  the  modernization  job  for  the  Panama  Canal  Authority, 
we  had  successively  Panama  Canal  pilots  who  came  up  here  for  a  month,  who  rode  the  car¬ 
riage  on  every  ride  and  actually  gave  orders.  The  orders  were  not  given  bv  the  TMB  staff.  The 
orders  were  not  automatic;  they  were  given  by  the  pilot.  The  steersman  operated  the  controls 
and  endeavored  to  do  his  best  to  carry  out  the  pilot’s  orders.  Mr.  Bindel’s  paper  also  mentions 
the  pilot. 

Now  then,  one  might  say.  how  about  running  in  the  open  sea  such  as  in  the  diagram 
which  you  show?  You  begin  with  a  course  reference.  It  so  happens  that  with  present  gyro 
compasses,  you  get  a  pretty  good  course  reference.  Actually,  you  get  a  heading  reference 
because  you  don’t  know  what  the  course  is.  But  in  the  old  days,  for  those  of  you  who  are  old 
enough  to  have  steered  ships  by  compasses,  you  had  no  really  good  heading  reference,  so  you 
had  to  anticipate  the  magnetic  compass;  there  you  had  another  factor. 

When  you  come  to  emergency  maneuvers,  such  as  piloting,  handling  ships  around  docks 
(or  even  trying  to  catch  turtles),  whatever  you  do,  the  steersman  gets  his  orders  from  other 
people.  The  steersman  is  rarely  the  piloting  officer.  It  so  happens  that  in  our  icebreakers, 
the  piloting  officer,  the  ice  pilot,  is  the  man  who  operates  the  rudder  controls,  so  he  doesn’t 
have  to  give  orders  to  anybody,  ho  doesn’t  have  to  say  a  word.  But  in  all  other  cases  there 
must  bo  a  pilot;  there  must  be  a  commanding  officer,  a  captain,  first  mate,  or  someone,  who 
gives  the  orders.  So  you  can’t  eliminate  this  one  more  factor. 

As  Mr.  Bindel  brings  out  in  his  paper,  for  a  model  test  with  a  pilot  or  with  separate 
director,  he  has  to  work  fast  because  the  times  are  reduced  by  the  square  root  of  the  linear 
ratio  of  full-scale  to  model  size. 
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I  hope  that  maybe  the  author  will  find  time  to  give  another  drawing  or  another  diagram 
in  place  of"  Figure  3.  I  have  been  operating  automobiles  for  46  years  now  and  yet  I  don’t  get 
anything  out  of  the  figure  that  was  presented. 


S.  M.  Y.  Lum: 

There  is  no  disagreement  with  the  author’s  persistent  theme  that  more  sophisticated 
studies  of  the  control  loop,  using  feedback  techniques  incorporating  the  helmsman,  can  improve 
the  handling  qualities  and  response  of  ships.  However,  with  due  respect  to  Mr.  Segel,  I  wonder 
if  he  is  not  putting  undue  emphasis  on  the  control  loop  as  the  panacea  for  all  design  ineptness 
and  at  this  stage,  placing  the  “cart  before  the  horse,”  so  to  speak.  I  would  say  there  is  an 
area  which  takes  precedence  to  that  and  which  could  stand  more  intensive  study  and 
clarification— and  that  is  in  the  open-loop  characteristics  of  the  ship.  With  due  apologies  to 
Captain  Saunders  (whose  preceding  discussion  on  the  paper  assailed  the  author’s  use  of  con¬ 
trol  semantics  making  it  extremely  difficult  for  this  type  of  audience  to  follow),  by  the  open- 
loop  problem,  I  refer  to  the  need  for  more  exact  delineation  of  the  ship’s  transfer  functioi  which 
relates  the  hydrodynamic  derivatives  in  terms  of  ship  geometry  and  arrangement.  That  is.  if 
the  hydrodynamic  derivatives  for  a  complex  shape  such  as  that  of  a  surface  ship  operating  on 
the  air-water  interface  can  readily  be  determined,  then  it  would  be  opportune  to  get  the  maxi¬ 
mum  tienelits  from  a  more  advanced  and  sophisticated  closed-loop  study  as  a  natural  followup. 

The  nature  of  the  initial  difficulty,  in  the  case  of  surface  ship,  for  the  one  part,  lies  in 
pinpointing  the  open-loop  transfer  function  with  all  the  usual  associated  problems  of  nonlinear¬ 
ities,  cross-coupling,  free  surface,  etc.  The  other  part  lies  in  attaching  a  meaningful  input  to 
the  system  in  view  of  the  irregularity  of  the  sea  with  the  associated  problem  in  the  event  of 
nonstationary  processes,  non-Gaussian  distributions,  etc. 

When  such  information  as  above  can  be  jelled  into  a  pole-zero  configuration  in  the  com¬ 
plex  plane,  early  decisions  can  be  made.  If  the  hydrodynamic  design  is  found  to  be  exces¬ 
sively  unstable  (open -loop-wise),  or  to  have  large  response  amplitudes  within  the  expected 
frequency  band  of  operation,  this  will  be  reflected  in  these  polos  and  zeroes.  For  such  bad 
preliminary  designs,  it  would  not  tic  good  practice  to  “close  the  loop”  by  brute  force  at  the 
expense  of  having  an  “exotic”  automatic  control  loop.  It  would  be  better  to  modify  ‘ho  design 
in  the  early  stages  of  the  development  instead  of  discovering  that  there  is  a  bad  point  of 
instability  after  the  ship  is  built.  Then  to  redeem  the  ship  at  this  stage  with  fancy  controls 
would  bo  like  chasing  a  failing  investment  with  more  good  money. 

Finally  ,  before  turning  over  the  open  loop  to  the  control  people  to  “close”  with  all  the 
automatic  sophistication  as  may  be  judiciously  required,  it  is  essential  to  ask  the  question: 
What  is  the  functional  or  mission  requirement  against  which  ail  other  compromises  should  bo 
weighed? 
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Going  back  to  the  aircraft  concept  of  designing  for  a  slow-speed  cargo  vehicle,  maneuver¬ 
ability  may  be  relaxed  in  favor  of  course  keeping.  On  the  other  hand,  an  attack  vessel  should 
be  favored  with  high  maneuverability.  The  closure  of  the  loop  could  then,  in  the  latter  case, 
incorporate  all  the  sophistication  of  stability  and  response  augmentation. 

In  closing,  I  do  not  wish  to  sound  discouraging  to  Mr.  Segel.  In  fact,  I  believe  that 
with  the  advent  of  more  sophisticated  naval  craft  such  as  the  hydrofoil  boats  and  GFM  craft, 
there  will  be  a  great  need  for  this  specialty.  However,  everything  should  be  considered  in  due 
seouence  and  due  perspective.  Thank  you  for  an  interesting  injection  into  the  field  of  ship 
maneuverability. 

V.  E.  Williams: 

First  of  all,  I  would  like  to  congratulate  Mr.  Segel  on  his  paper.  I  think  it  was  well 
done.  Unlike  Captain  Saunders,  I  am  familiar  with  both  jargons  but  I  have  the  same  problem 
at  times.  I  would  like  to  mention,  though,  that  1  believe  we  are  right  on  the  threshold  of  all 
these  things  that  Mr.  Segel  is  talking  about,  and  like  the  former  discusser  here,  i  also  believe 
we  have  to  prepare  ourselves  for  this  work.  'Vo  (at  Sperry)  have  found  that  we  had  to  get  the 
dynamics  of  the  boat.  It  wasn’t  enough  just  to  use  the  linear  yaw  equations.  Having  defined 
\  erv  well  all  of  the  disturbances  in  this  lest,  the  seaway,  etc.,  wo  had  to  define  our  inputs. 
And,  as  Captain  Saunders  said,  that  means  the  captain  and  front  the  captain  to  the  helmsman, 
and  in  that  context  we  find  what  orders  would  come  front  both  and  how  they  would  react.  1 
believe  the  marine  field  is  on  the  threshold  of  doing  this  now.  1  know  that  Sperry  itself  has 
worked  on  many  of  these  things  and  have  some  very  good  mathematical  models  of  ships,  and 
particularly  submarines.  With  the  aid  of  the  Stability  and  Control  Division  of  the  Model  Basin 
tie  hg.v  have  a  nonlinear  model,  for  example,  where  we  can  get  all  the  turning  maneuvers,  and 
can  duplicate  the  Dioudonne  spirals.  Also  with  the  help  of  the  oceanographers  at  the  Model 
Basin,  we  have  the  spectrum  of  the  seas  which  are  linear  but  very  complex,  and  with  the  aid 
of  the  Seaworthiness  Division  of  the  Model  Basin,  we  can  judge  the  forces  and  moments  duo 
to  waves  on  the  ship.  Now  it  is  a  matter  of  putting  all  this  together  and  getting  to  work. 


A.  Goodman: 

I  have  a  brief  comment,  but  before  I  go  irlo  it  I  would  like  to  make  one  remark  while 
the  paper  is  fresh  in  everyone’s  mind.  One  item  that  was  also  eliminated  in  this  closed-loop 
diagram  which  was  not  mentioned  by  the  other  two  comments  was  the  display  system,  this 
factor  is  very  important;  it  is  the  source  of  information  that  the  controller  has,  and  its  charac¬ 
teristics  will  influence  the  performance  as  well  in  the  closed-loop  circuit. 
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Handling  qualities,  as  viewed  by  the  Model  Basin,  are  not  subjective  in  nature,  which 
is  a  point  held  by  the  author.’  Definitive  maneuvers  are  designed  to  evaluate  the  inherent  as 
well  as  closed-loop  eharaeteristies  of  the  given  system.  The  paper  given  by  Mr.  Gcrtler  and 
Mr.  Gover  clearly  defines  the  eonoept,  and  outlines  many  of  these  definitive  maneuvers  and 
the  numerical  measures  associated  with  each. 

The  present  paper  contains  a  remark  that  concerns  using  pilot  opinion  data  as  a  means 
of  determining  performance  characteristics,  in  this  regard,  the  Model  Basin  several  years 
ago  made  an  extensive  survey  of  ship  operators  using  a  standard  questionnaire.  This  survey 
resulted  in  many  conflicting  and  contradictory  answers  regarding  the  handling  qualities  of 
sister  ships.  We  considered  the  results  of  the  survey  as  adequate  proof  that  there  is  need  for 
obtaining  objective  measures  of  the  various  handling  qualities  of  ships.  This,  of  course,  led 
to  the  development  of  the  definitive  maneuvers  b>  the  Taylor  Model  Basin. 

The  author  made  another  interesting  statement  in  regard  to  the  compromise  the  designer 
has  to  face  between  good  direct'onal  stability  and  good  control  response.  For  some  years  wo 
at  the  Model  Basin  have  felt  that  this  compromise  need  not  be  made.  Now,  it  has  been  demon¬ 
strated  on  vehicles  such  as  the  SKIPJACK  that  such  compromises  need  not  be  made  and  that 
both  excellent  course-keeping  and  course-changing  characteristics  can  be  achieved  simulta¬ 
neously.  Also  it  is  believed  that  the  use  of  nonconventional  control  surfaces  will  further  elim 
innte  the  need  for  such  compromises. 

The  author  make-;  a  statement  to  the  effect  that  good  handling  qualities  will  renuirc 
ship  stability  arid  control  characteristics  that  cannot  be  achieved  by  suitable  hydrodynamic 
design.  The  objective  of  the  Model  Basin  in  this  area  is  to  relate  the  geometric  character¬ 
istics  of  the  ship  to  the  handling  qualities.  This  is  what  the  ship  designer  really  wants. 

The  author  states  that  the  only  means  by  which  significant  gains  could  he  achieved  in 
shortening  the  response  time  of  large  watergoing  craft  would  be  to  resort  to  automatic  control 
systems  that  position  the  rudder  as  a  function  of  the  response  of  the  ship.  I  can’t  quite  see 
this.  It  seems  to  me  that  the  ship  eannot  exceed  its  inherent  performance.  For  example,  if 
vou  use  the  rudder  to  ease  into  a  turn,  I  believe  that  the  result  is  a  larger  tactical  diameter 
and  a  longer  time  to  change  heading,  etc.  Some  gain  would  probably  bo  a  smaller  loss  of 
speed  in  the  turn  and  reduction  of  heel  in  turn. 

I  am  a  little  confused  by  the  statement  “The  provision  of  response  augmentation 
through  automatic  control  systems  would  undoubtedly  be  a  step  in  the  direction  whereby  the 
manual  controller  is  given  increased  ability  to  perform  more  precise  and  more  rapid  maneuvers 

How  does  a  man  enter  a  system  that  is  under  automatic  control?  In  other  words,  to  override 
it.  I’m  not  quite  clear  on  exactly  what  you  mean  by  response  augmentation.  I  wonder  if  you 
could  amplify  this  and  also  indicate  to  me  how  response  augmentation  has  increased  the 
stability  of  the  system. 

In  his  concluding  remarks,  item  2,  the  author  made  a  statement  that  “Valid  handling- 
qualities  criteria  for  surface  ships  can  only  be  defined  by  carefully  conducted  experiments 
with  full-scale  ships  .  .  .  .”  The  Model  Basin  does  not  believe  this  to  be  correct.  It  has 
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shown  that  the  handling  qualities  of  ships  can  bo  determined  accurately  on  the  basis  of  free- 
running  models  and  analog  computer  and  simulator  studies  utilizing  experimentally  determined 
coefficients  for  the  equations  of  motion.  The  main  objective  of  the  Model  Basin  in  this  area 
is  to  provide  performance  evaluation  results  and  design  recommendations  for  improvement  of 
performance,  if  necessary,  before  the  contract  plans  are  signed.  Full-scale  studies  are  per¬ 
formed  mainly  for  correlation  purposes.  In  using  an  analog  computer  as  Mr.  Williams  points 
out,  you  can  simulate  the  various  components  that  go  into  making  up  the  closed-loop  system. 

In  fact,  in  some  cases  you  can  actually  insert  an  operational  component  (hardware)  into  the 
system,  and  this  is  a  very  powerful  tool  which  has  been  in  use  at  the  Model  Basin  for  the  past 
four  or  five  years.  The  author’s  thesis,  on  the  other  hand,  is  an  after-the-fact  approach  which 
would  be  prohibitively  expensive  in  ship  work. 

Item  4,  “The  nature  of  ship  hydrodynamics  is  such  that  drastically  improved  response 
is  not  likely  to  be  achieved  through  hydrodynamic  design  of  the  hull,  but  rather  by  means  of 
increased  rudder  power  actuated  by  an  automatic  control  system.”  How  do  you  increase  rud¬ 
der  power  with  an  automatic  control  system?  Possibly,  by  increasing  rudder  rate,  which  could 
result  only  in  comparatively  slight  gains.  And  there  you  have  to  consider  the  limitations  of 
your  steering  mechanism  which  is  normally  designed  to  move  the  rudder  at  a  rate  of  a  few 
degrees  per  second.  E\cn  if  major  changes  in  the  design  of  such  systems  wore  conducted,  it 
is  difficult  for  me  to  sec  that  there  would  be  any  marked  improvement  in  handling  qualities  as 
the  result.  1  would  like  your  opinion. 

Robert  Morse: 

The  author  slated  that  a  human  operator  would  perform  best  when  the  least  signal 
“shaping”  is  demanded  of  him;  i.o.,  that  he  perform  as  a  simple  amplifier.  It  is  pointed  out 
that  this  is  actually  a  very  strict  and  demanding  requirement,  since  a  human  being  has  an  in¬ 
herent  lag  in  his  response  which,  however,  may  be  negligible  when  considering  the  long  re¬ 
sponse  time  of  ships.  But  it  is  certainly  not  negligible  for  the  case  of  airplanes  and  auto¬ 
mobiles  as  mentioned  in  illustration  by  the  author.  It  is  further  pointed  out  that  a  certain 
amount  of  anticipation  or  “rate”  is  renuired  of  a  human  operator  at  the  helm  of  a  ship  or  the 
steering  wheel  of  a  car  for  efficient  performance.  Thus,  an  experienced  helmsman  will  apply 
rudder  as  a  function  of  the  rate  of  change  of  heading  (determined  by  the  rate  of  travel  of  the 
compass  fine  indicator,  for  example)  rather  than  waiting  for  an  actual  heading  change  before 
taking  corrective  action. 

It  would  probably  be  in  order  to  define  a  “good  helmsman”  as  one  who,  through  expe¬ 
rience  and  natural  aptitude,  has  so  developed  his  own  “transfer  function”  that  in  combination 
with  the  ship  and  environment,  the  overall  system  characteristics  are  near-optimum.  To  do 
this  he  must  perform  all  of  the  functions  of  the  automatic  controller:  that  of  sensing  the  error 
with  his  eyes  or  by  “feel”;  that  of  shaping  and  amplifying  the  signal  in  his  brain  by  his  expe¬ 
rience  and  aptitude;  and  that  of  positioning  the  controls  by  his  muscles  and  dexterity. 
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lie  has  the  advantage  over  most  automatic  controllers  in  that  he  is  adaptive;  that  is,  he 
is  able  to  vary  his  “gain”  and  “signal-shaping”  as  the  situation  dictates.  Thus,  when  he  is 
at  the  helm  in  rough  seas,  he  is  more  alert  and  takes  action  more  quickly.  In  so  doing  he  has 
actually  increased  his  gain  and  phase  lead  (or  anticipation)  to  perform  the  job.  lie  can  also 
change  his  criteria  of  performance  at  will.  Thus,  in  rough  seas  he  may  yield  on  maintaining  a 
tight  heading  control  to  limit  excessive  rudder  activity. 

The  human  operator  has  the  disadvantage  that  his  characteristics  vary  from  minute  to 
minute  and  certainly  from  operator  to  operator.  His  peak  performance  is  limited  by  factors 
over  which  we  have  no  control.  He  cannot  match  the  automatic  controller  in  sensitivity  or 
consistency  of  action  or  constant  vigilance. 

R.  E.  Newton: 

I  am  very  pleased  with  some  of  the  features  of  this  discussion.  I  think  it  is  fairly  clear 
that  wc  ship  hydrodynamicists  are  not  asleep  in  this  matter.  In  case  anybody  has  any  doubts 
on  the  matter,  they  ought  to  know  that  there  has  been  a  presentation  of  a  theory,  much  on  the 
lines  of  this  paper,  employing  servomechanios,  by  L.  J.  Rydill,  who  gave  a  paper  in  the  Trans¬ 
actions  of  the  RINA  of  1959.  It  was  a  very  thought-provoking  paper  and  accounts  for  transient 
effects  that  the  author  has  not  referred  to. 

Let  me  digress  a  moment  and  agree  with  Captain  Saunders.  Quito  frankly,  sir,  I  find  it 
difficult  also  to  follow  the  jargon,  and  also,  to  be  more  frank,  1  find  it  very  difficult  to  under¬ 
stand  Rydill’s  paper. 

It  is  a  very  important  thing  that  the  hydrodynamicists  should  tako  a  lead  from  the  acro- 
dvnamicists,  and  I  honestly  think  that  he  does  this  every  day.  But  w-hon  one  turns  to  the 
study  of  ships  ho  is  dealing  in  a  body  in  two  media,  not  one,  and  this  complicates  ^.he  subject 
no  end.  I  wonder,  myself,  what  the  automatic  system  is  going  to  be  in  a  ship,  to  steer  it 
without  any  attention  by  the  helmsman,  the  captain  or  anybody  else,  when  one  takes  account 
of  pitch,  surge,  sway,  and  all  this.  Some  attempt  is  being  made  to  do  this,  as  you  know.  In 
the  first  phase  we  are  going  to  pose  a  submarine  problem  where  one  gets  a  break,  and  I  feel 
sure  that  TMB,  AEW,  end  probably  Japan  and  others  are  already  doing  computer  studios  of 
this  very  problem. 

Another  impression  that  1  thought  I  detected  in  the  paper  was  that  the  ship  was  a  very 
big  thing  and  has  plenty  of  room  and  weight  to  spare.  Whether  the  impression  was  right  or 
not  I  do  not  know,  but  I  would  like  to  say  this— that  the  ship  might  be  big,  but  there  isn’t  a 
lot  of  weight  and  space  to  spare. 

In  other  words,  to  sum  it  up,  my  opinion  is  that  there  is  a  lot  to  learn  from  this  rather 
excellent  paper  by  Segel  but  I  think  we  have  to  be  very  careful  about  how  we  apply  it  to  a 
ship.  In  the  words  of  Lord  Kelvin,  “When  you  can  measure  what  you  are  speaking  about  and 
give  it  specific  numbers,  then  you  do  know  something  about  it,”  and  it  is  that  stage  which  we 
have  to  reach  in  this  course  of  study. 
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A.  Suarez: 


I  have  one  point  to  make  concerning  the  terminology  and  definition  of  handling  qualities. 
Actually  a  ship  does  not  go  out  to  sea  and  turn  around  in  circles  and  perform  big  fancy  maneu¬ 
vers.  We  have  really  two  problems  in  the  operation  of  vessels:  one  is  maintaining  course  at 
sea,  and  the  other  the  close-maneuvering  problem  associated  generally  wdth  sheltered  water 
(where  we  usually  run  into  trouble). 

The  steering  rules  at  sea  are  one  thing,  but  the  rules  in  sheltered  water  in  the  vicinity 
of  walled  bottoms  and  of  ether  ships  approaching  is  an  entirely,  drastically  different  situation. 
How'  any  particular  theory  or  rule  can  be  incorporated  into  the  operation  of  a  vessel  seems  far 
remote  at  present,  unless  we  deve.lop  a  terrific  amount  of  gear  to  put  on  a  vessel  (transducers 
all  around  to  integrate  the  pressure  on  the  vessel)  which  will  tell  the  steering  apparatus  how 
to  maneuver  the  vessel  under  any  set  situation.  I  don’t  see  at  present  that  wo  are  going  to  be 
very  successful  along  these  lines.  We  are  still  going  to  have  to  rely  on  the  judgment  of  the 
pilot,  with  his  experience  and  background,  running  from  one  side  of  the  bridge  to  the  other, 
to  bring  the  ship  in  from  the  ocean  to  a  sheltered  area. 

Author's  Closure: 

Well,  gentlemen,  I  expected  controversy,  and  1  must  say  that  it  certainly  took  place. 

I  don’t  know  how  I  car.  really  do  justice  to  a  rebuttal  here.  It  seems  to  me  that  it  would  take 
quite  a  lengthy  period.  I  will  try  to  do  the  best  1  can  from  the  notes  I  took  while  the  discuss¬ 
ers  were  making  their  remarks. 

I  will  start  in  order  with  a  reply  to  Captain  Saunders.  1  want  to  apologize  for  not  using 
the  proper  language  in  mv  paper  to  do  justice  to  some  of  these  ideas  and  concepts  that  I 
wanted  to  present,  1  truly  feel  that,  this  is  regrettable,  but  I  hope  that  in  time  wo  can  over¬ 
come  this  language  barrier. 

Captain  Saunders  made  mention  of  the  role  of  the  pilot  and  drew-  attention  that  the  type 
of  closed-loop  system  that  I  pictured  in  Figure  1  of  my  paper  ignored  the  presence  of  other 
people  and  other  factors  in  the  loop.  I  agree  with  this  comment;  I  believe  it  shows  that  if  the 
responses  of  ships  were  not  so  slow;  the  physics  of  ships  and  water  were  not  so  complex,  tnat 
ship-control  procedures  could  not  have  evolved  in  the  manner  that  they  have  today,  in  which 
intermediaries  are  introduced  to  effect  the  tightness  of  the  loop.  Now  I  realize  that  when  I 
use  the  term  tightness  I  again  use  a  terminology  which  perhaps  does  not  have  meaning  to  many 
of  you  here.  But  the  loop  is  not  tight  as  it  is  when  you  are  driving  an  automobile  or  perhaps 
flying  an  airplane,  and  therefore  there  is  a  fundamental  difference  between  the  fast-responding 
systems  I  have  referred  to  and  the  ship-control  problem.  I  think  there  is  no  question  that 
pilots  are  necessary  because  very  often  the  man  at  the  helm  is  not  in  a  position  where  he  can 
see  what  is  going  on  when  he  is  trying  to  negotiate  a  channel.  The  pilot  is  his  second  pair 
of  eyes  running  back  and  forth,  as  1  think  Mr.  Suarez  mentioned,  to  check  where  the  ship  is 
going,  how  close  he  is  to  the  shore,  and  so  forth.  Perhaps  in  the  future,  if  things  eventually 
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go  in  the  direction  I  have  indicated  they  might,  there  will  have  to  be  a  large  amount  of  design 
consideration  given  to  the  helmsman,  if  he  is  to  be  the  primary  controller,  and  locate  him 
where  he  can  see  and  not  need  this  extra  pair  of  eyes. 

Captain  Saunders  also  asked  some  questions  about  Figure  3.  I  want  you  to  notice  that 
Figure  3  is  plotted  on  the  same  coordinate  and  abscissa  scale  that  is  on  Figure  1.  Figure  3 
shows  the  dynamic  characteristics  of  what  I  choose  to  call  the  directional  mode  of  an  auto¬ 
mobile.  Actually  an  automobile  turns  out  to  be  a  fourth-order  dynamic  system  because  of  the 
presence  of  a  roll  degree  of  freedom.  Ignoring  that  extra  degree  of  freedom  and  thinking  only 
of  the  freedom  to  move  laterally  and  to  turn,  you  end  up  with  a  second-order  system  with  a 
directional  mode  which  is  the  mode  that  is  primarily  excited  by  the  action  of  the  steering 
wheel.  This  is  merely  a  plot  of  the  natural  frequency  versus  the  percent  of  critical  damping 
of  the  second-order  dynamic  system,  and  you  can  think  in  terms  of  a  damped  system  with  one 
degree  of  freedom,  but  in  this  case  we  happen  to  be  dealing  with  two  degrees  of  freedom.  These 
characteristics  will  describe  the  nature  of  the  response:  how'  rapidly  it  will  build  up;  whether 
there  is  an  overshoot;  what  the  damping  is  like;  and  so  on.  I  grant  you,  when  a  person  drives 
an  automobile  he  is  completely  unaware,  in  many  instances,  of  the  fact  that  there  are 
appreciable  dynamics  between  the  time  he  turns  the  steering  wheel  and  succeeds  in  tumirg 
the  car.  Actually,  steering  systems  are  not  perfect.  There  are  many  lags;  but  if  the  front 
wheels  of  the  car  are  controlled  directly,  i.o. ,  the  fixed  control  response  of  the  car  as  assumed 
bv  Figure  3,  you  would  find  that  this  stable  vehicle  would  have  a  response  time  of  approxi¬ 
mately  1  see  at  60  mph,  where  response  time  is  considered  in  the  manner  that  I  defined  it. 

In  answer  to  Mr.  Lum,  who  made  the  excellent  point  that  we  do  not  know  enough  about 
the  ship’s  transfer  function,  I  confess  that  I  am  not  really  in  a  position  here  to  comment  as  an 
expert  as  to  whether  we  do  or  not.  i  see  others  around  me  who,  with  the  facilities  we  are 
going  to  lock  at  today,  represent  the  capability  of  doing  more  about  solving  this  problem. 
Getting  additional  information  to  solve  the  problem  of  representing  strictly  the  hydrodynamic 
characteristics,  complicates  the  picture  to  a  very  large  degree  in  comparison  with  other 
vehicles.  I  think  this  is  recognized.  Many  people  have  tried  to  examine  the  ability  to  con¬ 
trol  the  ship  by  strictly  linear  mathematical  models  which  are  valid  within  limits,  and  cer¬ 
tainly  Norrbin’s  paper  is  an  excellent  textbook-type  of  summary  of  the  situation  as  it  exists 
today.  I  also  felt  that  on  examining  many  of  the  sections  in  Captain  Saunders’  excellent 
two  volumes  we  are  not  in  as  bad  a  situation  as  perhaps  Mr.  Lum  implies.  I  may  have  misin¬ 
terpreted.  Maybe  he  doesn't  think  we  are  in  as  bad  a  way  as  I  have  indicated.  I  agree  with 
the  rest  of  his  remarks. 

Mr.  Williams  has  expressed  some  very  nice  things  about  my  paper,  and  I  would  like  to 
thank  him  for  that.  I  don't  believe  that  any  comment  is  indicated. 

Mr.  Goodman,  of  course,  has  put  me  to  the  task  and  I’ll  try  to  do  the  best  I  can.  He 
made  reference  to  the  display  system  that  is  omitted  in  Figure  1,  and  I  agree  with  him  whole¬ 
heartedly.  The  question  of  display  ties  in  quite  closely  with  the  point  raised  by  Captain 
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Saunders  regarding  the  pilot*  These  are  the  connections  between  ship  response  and  the  con 
troller.  The  display  represents  a  means  whereby  a  man  uses  his  senses  to  determine  what 
the  ship  is  doing  iri  a  given  situation;  for  example,  a  submarine  where  there  is  not  contact 
with  the  outside  world  and  a  man  depends  wholly  on  his  instruments.  1  believe,  as  far  as 
surface  ships  are  concerned,  when  passing  through  channels  there  certainly  is  no  replacement 
for  the  pilot’s  visual  reference,  and  this  would  take  precedence  over  any  instruments  that  he 
may  have  on  board.  I  agree  with  Captain  Saunders  that  out  at  sea  the  gyrocompass  is  prob¬ 
ably  his  primary  reference.  Rut  to  say  a  few  more  words  about  the  display,  many  people, 
particularly  the  psychologists,  concern  themselves  with  the  problem  of  improving  vehicle 
handling  qualities  by  making  improvements  on  the  display.  This  has  been  particularly  true 
in  the  submarine  fieid.  I  do  not  take  issue  or  quarrel  with  them;  in  some  cases  there  is  much 
room  for  improvement. 

The  remarks  in  my  paper  were  primarily  directed  toward  what  can  be  done  to  improve 
handling  dualities  and  thereby  improve  overall  ship  maneuverability  by  working  on  the  control 
system  between  the  operator  and  the  ship  itself.  To  do  jusiiee  to  this  argument  would  require 
a  lengthy  exposition.  Briefly,  these  automatic  control  systems  that  1  refer  to  as  response 
augmentation  systems,  are,  effectively,  systems  that  are  inserted  between  the  helm  and  the 
rudder,  or  anv  other  force-actuating  device  that  may  be  installed  on  the  ship,  the  purpose 
being  to  *nke  over  the  response  augmentation  task  that  the  helmsman  tries  to  accomplish.  1 
have  argued  that,  it  may  be  possible  to  improve  th's  system  hy  allowing  the  helmsman  to  ap¬ 
proach  the  simple  controller  task  and  be  represented  as  a  simple  amplifier,  and  thus  take  a 
step  in  the  right  direction.  To  debate  how  far  one-  can  go  in  this  direction  gets  into  a  wealth 
of  engineering  considerations.  1  should  make  it  clear  at  this  point  that  everything  in  my  paper 
to  all  intents  and  purposes  ignored  the  engineering  problem.  1  am  sure  many  of  you  have  the 
engineering  problem  uppermost  in  your  mind  when  you  think  about  how  you  would  implement 
some  of  the  things  that  I  have  mentioned. 

The  definitive  maneuver  concept  was  mentioned  as  a  means  of  assessing  handling 
qualities,  and  I  want  to  make  it  clear  that  I  have  no  quarrel  with  this  concept.  1  tried  to  make 
it  clear  in  my  aper  that  1  merely  wanted  to  introduce  a  rather  drastic  hypothesis  as  to  what 
would  constitute  a  definition  or  criterion  of  handling  qualities,  to  underscore  the  importance 
of  bringing  the  response  characteristics  of  the  human  operator  into  the  picture.  Definitive 
maneuvers  are  a  measure  of  ship  behavior.  The  difference  in  the  approach  that  1  have  indi 
cated  is  that  in  my  own  opinion  the  most  important  variable  in  the  handling  qualities  problem 
is  the  dynamics  of  the  controlled  element,  bearing  in  mind  the  nature  of  the  human  operator; 
the  dynamic  characteristics  of  the  controlled  element  form  the  fundamental  variable  in  the 
whole  picture.  As  far  as  the  definitive  maneuver  goes,  it  involves  a  multitude  of  variables 
including  the  hydrodynamic  characteristics  of  the.^hip.and  the  characteristics  of  the  control 
system.  The  maneuver  is  designed  to  bring  out  certain  characteristics  but  these  character¬ 
istics  are  related  in  a  very  complicated  fashion  to  the  dynamic  response  characteristics  of 
the  controlled  element.  I  want,  of  course,  to  include  the  steady-state  characteristic®,  the 
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steady-state  relationships  between  the  controlled  displacement,  or  input,  and  steady-state 
response,  in  this  case  primarily  turning  response. 

1  agree  that  an  attempt  to  interrogate  operators  has  many  pitfalls  and  would  lead  to 
failure.  Our  experience  in  the  aircraft  field  has  been  that  the  only  way  we  can  get  intelligent 
operator  opinion  is  to  make  available  to  them  an  aircraft  that  can  be  flown  and  which  has  the 
capability  of  being  altered  rapidly  from  one  dynamic  response  configuration  to  another.  At 
the  same  time  the  operator  is  given  tasks  which  are  representative  of  what  aircraft  daily  are 
required  to  do.  For  example,  just  fly  straight  and  level,  or  attack  a  target.  Fighter  aircraft, 
we  all  agree,  do  have  this  one  important  objective. 

I’ll  skip  around  here  with  respect  to  ships.  Relative  to  makin„  an  assessment  of  the 
handling  qualities  of  a  ship,  I  tried  to  indicate  that  comments  should  be  obtained  from  the 
pilot  with  reference  to  situations  that  are  representative  of  what  the  ship  controller  has  to 
deal  with  every  day. 

Mr.  Goodman  made  reference  to  the  point  that  you  cannot  get  more  out  of  the  ship,  in 
terms  of  maneuvering  capability,  than  is  in  it.  as  for  example,  in  terms  of  the  force-producing 
characteristics  of  the  hull  and  its  rudder,  and  he  is  certainly  right.  This  automatic  control 
or  response  augmentation  svstem  I  mentioned  certainly  cannot  make  the  ship  respond  any 

faster  or  do  anything  more  quickly  than  what  control  power  is  available  to  the  ship  by  virtue 
of  the  size  of  the  rudder  and  so  on.  I  think  there  is  a  little  misinterpretation;  I  was  trying  to 
indicate  that  the  response  augmentation  system  would  merely  try  to  take  advantage  of  what  is 
available  in  the  ship  in  terms  of  control  power.  In  this  respect,  it  would  do  the  best  it  ean  by 
moving  these  surfaces  as  rapidly  as  the  steering  motor  will  allow  and  by  properly  timing  the 
whole  operation  where  the  precision  of  timing  is  increased  by  an  order  of  magnitude  over  what 
the  operator  ean  do.  lie  depends  on  his  memory  and  his  opinions  to  time  his  actions  very  care¬ 
fully.  The  automatic  control  system  depends  on  instruments  which  measure  what  the  ship  is 
doing  and,  by  virtue  of  computers  or  other  elements,  causes  the  system  to  do  the  proper  things 
automatically,  thereby  relieving  the  helmsman  of  the  burden  to  speed  up  this  time.  Now,  if 
research  shows  that,  with  the  present  engineering  state  of  knowledge,  handling  qualities  could 
be  improved  by  an  order  of  magnitude  merely  by  introducing  a  response  augmentation  with  the 
control  elements  that  are  presently  installed  in  ships,  then  there  would  be  reason  for  doing 
something  along  these  lines.  There  would  be  reason  for  thinking  in  terms  of  propellers  at  the 
bow,  perhaps  at  the  stern.  In  more  serious  terms,  we  are  concerned  primarily  with  the  maneu¬ 
verability  of  the  vessel  in  various  situations  and  eliminating  the  need  for  tugs  and  so  on 
which,  as  pointed  out,  can  be  a  sizable  and  economical  gain. 

The  question  was  raised  as  to  where  does  the  man  fit  into  the  automatic  controls.  1 
trust  that  my  very  inadequate  remarks  up  to  now  have  shed  a  little  light  on  this.  This  auto¬ 
matic  control  is  installed  between  man  and  the  ship,  and  serves  the  function  of  allowing  him 
to  act  as  much  as  possible  like  a  simple  controller. 
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The  question  was  asked,  how  does  response  augmentation  improve  stability?  A  re¬ 
sponse  augmentation  system  involves  a  force-producing  mechanism  which  produces  forces 
proportional  to  perhaps  the  drift  angle  of  the  ship,  the  angle  yaw  of  the  ship,  or  some  other 
motion  variable.  If  I  produce  a  force  and  moment  on  the  ship  by  artificial  means,  proportional 
to  some  of  these  motion  variables,  I  am  basically  changing  the  effective  stability  derivative 
of  the  ship.  I  am  effectively  changing  damping  in  yaw.  We  all  recognize  that  if  we  increase 
damping  in  yaw,  we  increase  directional  stability,  and  we  are  providing  an  effective  improve¬ 
ment  in  the  natural  dynamic  stability  the  ship  possesses  on  its  own  without  any  active  con¬ 
trol  element.  The  question  asked  further,  why  full-scale  handling  qualities  tests?  I  don’t 
believe  I  could  do  as  much  justice  to  answering  this  question  as  has  been  done  in  one  of  the 
sections  in  Captain  "Saunders ’  Volume  2.  I  recall  reading  a  discussion  of  how  the  time  scales 
differ  in  the  model  tests  situation  and  the  full  scale.  Finally,  the  last  item  I  can  comment  on 
with  regard  to  Mr.  Goodman’s  remarks  concerned  increased  rudder  power  and  engineering  con¬ 
siderations.  In  my  rnmblings,  I  said  previously  that  engineering  considerations  have  been 
overlooked.  All  I  can  say  is  it  has  been  our  experience  in  the  aeronautical  field  that  unless 
one  is  willing  to  overlook  some  of  the  problems  one  must  face  to  achieve  a  particular  objec¬ 
tive  the  state  of  the  art  is  not  really  advanced  at  a  very  rapid  rate.  We  all  know  that  in¬ 
creased  performance  has  been  the  motivating  impetus  for  forcing  engineers  to  follow  thousands 
of  problems,  and  I  »m  perhaps  naive  enough  to  think  that  the  day  will  come,  to  think  in  terms 

of  greatly  increased  performance  beine:  available  on  ships  and  submarines.  I  am  sure  it  is 
coming,  and  these  increases  in  performance  are  going  to  require  considerable  increases  in 
controllability,  stability,  general  handling  qualities  in  order  for  the  Navy  to  take  advantage 
of  these  performance  improvements.  I  want  you  all  to  understand  that  this  last  statement 
does  not  imply  any  kind  of  criticism  as  to  whether  we  have  good  handling  qualities  at  the 
moment  in  some  of  our  latest  subs  or  whether  we  do  not.  I  think  everyone  has  been  doing  an 
admiranle  job  and  the  fact  that  these  things  are  running  around  today  is  proof  that  the  engi¬ 
neering  problem  has  been  solved.  No  one  wants  to  sell  anybody  on  automatic  control.  I 
merely  want  to  lay  open  a  vista  here,  the  possibility  of  thinking  along  research  lines,  going 
out  “into  the  blue.’’ 

Mr.  Morse,  from  Sperry,  made  some  remarks  about  my  discussion  of  human  behavior. 

Bv  and  large,  I  accept  most  of  the  refinements  that  he  suggested.  I  want  to  make  clear  that 
this  entire  discussion  of  human  dynamics,  human  response  characteristics,  has  been  extreme¬ 
ly  simplified  for  this  presentation.  As  you  all  will  recognize,  there  is  a  wealth  of  new  ideas 
or  concepts  that  I  have  tried  to  introduce.  I,  for  one,  could  not  do  justice  to  all  of  this  in  a 
rigorous  fashion  in  the  time  allotted. 

Mr.  Newton,  as  I  recall,  made  some  remark  t(  e  effect  that  some  of  these  considera¬ 
tions  on  stability  and  control  and  damping  have  been  the  mill.  I  would  repeat  again  that  I 
was  primarily  concerned  with  maneuverability  as  .ucal  concept  and  the  role  of  the  human 
operator  in  this  system  problem,  and  have  there  postulated  some  rather  drastic  assump- 


1 1 6 


tions  as  to  what  could  possibly  be  used,  for  the  time  being,  as  measures  of  handling  qualities 
for  the  objectives  that  I  have  indicated  previously.  Again  in  connection  with  the  engineering 
problem  raised  by  Mr.  Newton,  I  think  my  remarks  made  with  regard  to  Mr.  Goodman’s  com¬ 
ments  apply  here  as  well. 
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ABSTRACT 


The  paper  describes  the  installation  and  the  experimental  techniques 
used  in  the  Paris  Model  Basin  for  the  investigation  of  ship  maneuverability 
in  canals.  It  reviews  some  of  the  results  obtained  from  an  important  series 
of  tests:  the  existence  of  a  critical  speed  from  the  point  of  view  of  ship 
maneuverability,  the  influence  of  the  dimensions  of  the  ship  and  of  the  canal, 
the  influence  of  the  rate  of  change  of  rudder,  and  a  comparison  between  a 
single-screw  ship  and  a  twin-screw  ship, 


1.  INTRODUCTION 

Ten  years  ago  when  twin-screw  tankers  of  30,000  tons  deadweight  were  being  built  in 
France,  we  had  indeed  reason  to  worry  about  the  way  they  would  behave  in  the  Suez  Canal 
since  ships  of  smaller  dimensions  had  the  reputation  of  steering  very  badly  there. 

Hence,  the  Paris  Model  Basin  was  asked  to  investigate  this  problem:  a  special  test 
instal'ation  was  set  up*  whereby  it  was  possible  to  insure  that  the  tankers  in  the  design  stage 
had  adequate  maneuvering  characteristics. 

The  tests  carried  out  on  different  ships  with  two  propellers  led  to  some 
interesting  results,2,3  in  particular,  they  have  shown  the  advantage  of  keeping  the  rudder  well 
clear  of  the  hull  by  the  use  of  appropriate  stern  shapes  (aperture  between  skeg  and  rudder)  and 
they  have  also  shown  the  advantage  of  increasing  the  rate  of  change  of  rudder. 

Since  1954,  the  test  installation  has  been  enlarged  and  an  important  number  of  tests 
have  been  carried  out  on  several  ships,  most  of  them  fitted  with  a  single  propeller.  The  pres¬ 
ent  paper  describes  the  test  installation  presently  used  nnd  gives  a  summary  of  the  principal 
results  obtained." 


II.  DESCRIPTION  OF  EXPERIMENTAL  ARRANGEMENTS 

1.  CANAL 

Tests  are  carried  out  in  a  rectilinear  basin  whose  dimensions  are  as  follows: 

Length:  155  m 

Width:  8  m 

Depth:  2  m  (the  depth  of  water  is  adjustable) 


*The  description  of  this  test  installation  and  of  the  test  procedure  used  is  the  subject  of  Reference  1. 
References  are  listed  on  page  189. 

**Maneuvering  tests  in  a  curvilinear  channel  have  also  been  undertaken;  these,  however,  will  not  be  dealt  with 
in  this  paper. 
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\t  one  end,  the  basin  is  provided  with  a  wave  absorber. 

Hanks  can  be  installed  on  the  bottom  of  the  basin  over  a  length  of  100  m;  their  dis¬ 
tance  apart  as  well  as  their  slope  are  adjustable.  They  are  composed  of  sheet-metal  plates  of 
1-m  length  joined  together;  a  small  clearance  exists  between  two  successive  plates  and  be¬ 
tween  the  plates  and  the  bottom  of  the  basin,  despite  the  precautions  used  when  installing 
them.  Hence,  there  exists  between  the  inside  and  the  outside  of  the  canal  a  leakage  which 
in  fact  increases  its  width;  the  maneuverability  is  thereby  facilitated,  but  in  a  manner  which 
we  consider  as  very  minor;  it  may  be  observed,  moreover,  that  since  the  maneuvering  character¬ 
istics  of  a  model  in  a  canal  are  probably  not  as  good  as  those  of  the  full-scale  ship,  the  fact 
that  the  canal  is  not  watertight  tends  to  reduce  the  difference  between  model  and  ship.  The 
channel  is  not  closed  at  its  ends;  the  full-width  portions  of  the  basin  are  used  to  accelerate 
and  to  stop  the  model. 

2.  MODEL 

The  model  is  self-propelled:  however,  in  order  to  allow  the  propellers  to  work  under 
conditions  which  are  identical  to  full-scale  conditions,  a  correction  is  applied  by  means  of 
an  aerial  propeller  placed  in  the  centerline  of  the  model. 

The  model  is  controlled  from  the  carriage  of  the  basin  by  means  of  a  “fishing  line” 
device. 

3.  PILOTING 

The  problem  of  piloting  presents  a  certain  difficulty  when  working  with  a  free  model. 

In  order  to  bring  the  mode!  back  to  the  centerline  of  the  canal,  we  actually  have  but  one  param¬ 
eter  at  our  disposal,  i.e.,  th<>  rudder  angle,  while  the  position  of  the  model  with  respect  to 
its  ideal  position  is  characterized  by  two  parameters  which  are,  for  instance,  the  heading  and 
the  lateral  deviation  of  the  center  of  gravity.  The  adjustment  of  an  automatic  pilot  is  then 
practically  impo.  sible. 

The  piloting  is  carried  out  by  eye  by  an  operator  placed  on  the  carriage.  The  follow-up 
between  the  “helm”  and  the  rudder  is  of  the  self-synchronous  type:  its  accuracy  varies  be¬ 
tween  +  2  deg  approximately;  the  rate  of  change  of  rudder  is  constant,  but  may  be  adjusted 
before  each  test. 

The  piloting  of  the  model  presents  numerous  analogies  to  that  of  the  full-scale  ship; 
nevertheless,  there  exist  some  differences  which  may  have  an  c-ffect  on  the  ease  of  handling, 
in  particular: 

1.  Yawing  motions  of  the  mode!  are,  indeed,  more  difficult  to  estimate  by  eye  than  by 
means  of  a  heading  repeater.  On  the  contrary,  lateral  deviations  are  easier  to  see  on 
model,  a  centerline  being  painted  on  the  bottom  of  the  basin. 
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2.  The  speed  of  response  of  the  pilot  has  a  relative  importance  which  is  greater  than 
for  the  full-scale  ship  since  the  “natural  response  time”  of  the  model  is  shorter  than  that  of 
the  full-scale  ship  (in  the  ratio  of  the  square  roots  of  the  lengths). 

These  differences  show  that  the  pilot  of  the  model  must  have  excellent  reflexes  and 
that  he  must  be  very  well  trained.  This  is  also  indispensable  in  order  that  we  may  be  able  to 
make  valid  comparisons  between  runs  carried  out  under  different  conditions.  All  the  tests 
considered  here  (about  a  thousand  or  so  runs)  were  carried  out  by  the  same  operator;  the 
agreement  of  the  results  is  particularly  satisfactory  and  in  almost  all  cases  it  may  be  said  that 
any  abnormal  scatter  is  due  to  a  hydrodynamic  cause  rather  than  to  a  piloting  error. 

4.  MEASUREMENTS 

The  following  measurements  are  made  during  each  test  run: 

Speed  V :  this  is  the  speed  of  the  towing  carriage, 

Rudder  angle  a , 

Heading  K:  this  is  furnished  by  a  gyroscope, 

Lateral  deviation  <  of  the  center  of  gravity  of  the  model  with  respect  to  the  centerline  of  the 
channel:  a  piece  of  mobile  equipment  located  on  the  platform  of  the  carriage,  furnishes  a 
narrow  light  beam  parallel  tc  the  centerline  of  the  basin;  with  the  aid  of  a  wheel  which  is 
manually  operated,  the  light  beam  is  focused  continuously  on  a  vertical  mast  placed  in  the 
center  of  gravity  of  the  model. 

The  rudder  angle,  the  heading,  and  the  lateral  deviation  are  simultaneously  recorded 
as  a  function  of  time;  Figure  2  gives  an  example  of  the  recording.  The  torque  on  the  rudder 
stock  is  also  recorded  as  a  function  of  time,  but  separately. 

III.  EXAMINATION  OF  SOME  OF  THE  RESULTS 
1.  CRITERIA  OF  MANEUVERABILITY 

It  is  not  a  question  here  of  examining  how  we  can  positively  measure  the  maneuvering 
characteristics  of  a  ship  in  a  canal,  but  only  one  of  seeing  how  we  can  best  utilize  the  meas¬ 
urements  carried  out  in  order  to  compare  runs  made  under  different  conditions. 


A.  The  Model  Passes  Through  or  It  Does  Not 

To  avoid  damaging  the  model  in  the  case  where  it  would  strike  the  banks,  safety  rails 
are  installed  all  along  the  canal;  four  vertical  rollers  are  placed  on  the  model  in  front  and  in 
back.  In  this  manner,  't  is  easy  to  determine  whether  the  model  strikes  the  banks.  A  run  may 
then  be  rated  good  if  there  has  been  no  contact  with  the  rails  and  bad  in  the  opposite  case. 
This  first  criterion  has  the  disadvantage  of  being  purely  qualitative,  but  it  generally  cross¬ 
checks  quite  well  with  the  other  criteria  and  it  is  very  useful,  in  particular,  when  we  want  to 
compare  different  ships  with  one  another. 


182 


B.  Maximum  Values  of  the  Rudder  Angle,  of  the  Heading,  and 

of  the  Lateral  Deviation  of  the  Center  of  Gravity 

These  three  values  are  not  independent,  but  the  relationships  linking  them  with  one 
another  are  not  rigid;  they  depend  a  great  deal  on  the  reactions  of  the  pilot  who  may,  for  in¬ 
stance,  make  it  a  strict  rule  either  to  make  rudder  movements  of  small  amplitude  or,  on  the 
contrary,  to  bring  the  model  back  to  the  centerline  of  the  canal  as  quickly  as  possible,  even 
though  he  has  to  execute  a  large  rudder  movement. 

This  criterion  involves  the  risk  of  inflicting  a  penalty  on  a  run  in  the  course  of  which 
a  piloting  error  has  occurred  since  this  will  lead  to  abnormally  large  values,  especially  for 
the  rudder  angle. 

C.  Mean  Values  of  the  Rudder  Angie,  of  the  Heading,  or  of 

the  Lateral  Deviation  of  the  Center  of  Gravity 

The  mean  values  arc  evidently  those  of  the  absolute  values  of  the  rudder  angle,  of  the 
heading,  or  of  the  lateral  deviation.  They  are  not  distorted  to  the  same  extent  as  the  maximum 
values,  in  the  case  of  a  single  piloting  error. 

D.  Other  Criteria  May  Be  Contemplated 

'Vo  may,  for  instance,  seek  to  characterize  the  response  of  the  ship  to  a  given  movement 
of  the  helm,  but  this  response  depends  on  four  parameters  (A,  dk/dt ,  «,  and  dt/dt  at  the  moment 
of  the  rudder  movement)  and  it  seems  to  us  to  be  difficult  to  make  this  evident  without  carry¬ 
ing  out  special  tests. 

Finally,  we  believe  that  the  criteria  defined  above  are  those  which  enable  us  to  best 
determine  the  maneuvering  characteristics  in  a  canal  for  the  tests  carried  out.  They  may  be 
used  simultaneously,  but  the  ones  which  appear  to  us  to  be  the  most  interesting  are  the  mean 
rudder  angle  and  the  proportion  of  bad  passages. 

2.  EXISTENCE  OF  A  CRITICAL  SPEED  FROM  THE  POINT  OF  VIEW 
OF  MANEUVERABILITY.  EFFECT  OF  THE  DIMENSIONS  OF 
THE  SHIP  AND  OF  THE  CANAL 

A.  Observations 

One  of  the  most  important  results  of  the  series  of  tests  carried  out  is  to  show  that  for 
a  given  ship  and  canal  there  may  exist  a  critical  speed  from  the  point  of  view  of  ship  maneu¬ 
verability,  i.e.,  a  speed  for  which  the  difficulty  of  passing  through  the  canal  is  the  greatest. 
This  is  reflected  in  the  increased  percentage  of  bad  runs,  in  an  increase  of  the  rudder  angles 
(the  maximum  angle  and  mean  angle)  and,  to  a  lesser  degree,  in  an  increase  in  the  heading 
and  in  the  lateral  deviation. 
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The  sharpness  with  which  these  phenomena  manifest  themselves  depends  on  both  the 
ship  and  the  canal.  Figure  3  gives  an  example  for  a  tanker  A  where  the  critical  speed  does  not 
exist,  at  least  within  the  range  of  the  speeds  investigated;  the  ratio  S/25of  the  section  of  the 
canal  to  the  midship  section  area  is  large  (9.49)  and  the  passage  is  easy:  the  mean  rudder 
angle  |a|  exceeds  4  deg  but  a  single  time  while  the  maximum  rudder  angle  exceeds  7  deg 
only  two  times  (absolute  maximum:  13  deg). 

Figure  4,  on  the  contrary,  gives,  for  the  same  tanker,  an  example  (S/25  =  3.63)  for 
which  the  critical  speed  is  very  pronounced:  in  the  critical  zone  the  model  strikes  against 
the  banks  rather  frequently,  the  mean  rudder  angle  ja|  is  oftentimes  between  10  and  15  deg, 
and  the  rudder  very  often  is  turned  until  it  comes  to  the  stop  (a=  30  deg);  for  speeds  smaller 
or  larger  than  the  critical  speed,  the  transit  conditions  improve  appreciably. 

In  Figure  5  the  zone  of  the  critical  speeds  is  plotted  as  a  function  of  the  test  conditions 
for  three  different  Ships  (\,  B,  and  C)*  which  have  comparable  dimensions. 

A  is  a  tanker  with  a  single  propeller  which  was  tested  at  different  drafts  in  a  canal 
whose  channel  bed  was  51.30  m  wide  and  which  has  a  slope  of  the  bank  of  one-third  and  a 
variable  water  depth. 

B  is  a  tanker  with  a  single  propeller  which  was  tested  in  the  same  canal  and  in  a 
narrower  canal  (width  of  channel  bed  42.00  m). 

C  is  a  tanker  with  twin  screws  which  was  tested,  at  two  drafts,  in  the  first  canal  and 
in  a  wider  canal  (channel  bed  70.40  m  wide). 

Despite  the  difficulty  of  determining  precisely  the  zone  of  critical  speeds  in  certain 
cases,  the  agreement  between  the  various  results  is  good.  Of  course,  if  the  resuits  have  been 
plotted  as  functions  of  the  S/25,  this  does  not  mean  that  this  is  the  only  parameter  to  be  taken 
into  consideration,  it  would  be  necessary,  in  particular,  to  take  into  account  the  depth  of  the 
water  II  in  the  canal,  which  determines  by  means  of  v  y//,  the  variations  in  the  state  of  flow. 

It  is,  of  course,  true  also  that  it  is  not  necessary  that  the  results  of  different  ships,  even  sim¬ 
ilar  ones,  be  identical. 

B.  TENTATIVE  ANALYSIS 

We  may  attempt  to  explain  the  existence  of  a  critical  speed,  at  least  in  the  case  of  a 
ship  with  a  single  propeller,  for  which  the  rudder  efficiency  and  the  course  stability  of  route 
depend  very  largely  on  the  conditions  of  the  propeller  operation.  When  the  speed  is  small,  the 
effect  of  the  restricted  wate-  does  not  make  itself  felt,  the  state  of  flow  is  steady,  the  disturb¬ 
ances  are  not  very  numerous,  and  they  are  all  the  easier  to  correct  since  the  “lost  times’’ 
(reflex  times  of  the  pilot,  times  of  rudder  change)  are  small  with  respect  to  the  "natural  re¬ 
sponse  time”  of  the  ship  (which  is  the  time,  for  instance,  which  it  takes  for  the  ship  to  travel 
its  own  length). 

When  the  speed  increases,  there  comes  a  moment  when  the  flow  is  no  longer  steady; 
then  there  are  increased  risks  of  yawing  motions  resulting  in  a  difficulty  of  passing  through 
the  canal,  which  finds  expression  in  an  increase  of  the  rudder  angle  and  in  the  number  of  bad 
passages. 

*See  Section  4  for  the  principal  dimensions  of  these  three  ships. 
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If  the  speed  increases  even  more  while  remaining  in  the  zone  of  unsteady  flow,  the 
resistance  becomes  very  great  and  the  propeller  works  with  an  increased  slip  ratio  which  is 
favorable  to  the  rudder  efficiency;  there  occurs  in  that  case  a  reduction  of  the  rudder  angle 
and  in  the  number  of  bad  passages. 

lienee,  there  may  exist  a  speed,  close  to  the  speed  of  the  change  of  flow,  for  which  the 
difficulties  of  passing  through  the  canal  are  increased.  Hence,  for  a  given  ship,  the  greater 
the  effect  of  the  restricted  water,  the  lower  the  critical  speed  f-om  the  point  of  view  of  maneu¬ 
verability.  This  is  indeed  what  Figure  5  shows;  several  propulsion  tests  carried  out  for 
the  tanker  A  show,  moreover,  that  the  critical  speed  occurs  at  a  slightly  lower  speed  than 
that  for  which  there  is  a  very  sudden  increase  in  the  resistance. 

In  the  ease  of  a  ship  with  two  propellers,  the  change  in  the  state  of  flow  is  very  certain 
to  produce  disturbances;  however,  we  have  not  carried  our  tests  far  enough  to  state  positively 
that  beyond  the  critical  speed,  the  influence  of  the  propeller  makes  itself  felt  sufficiently  to 
reduce  again  the  difficulties  of  passing  through  the  canal. 

3.  INFLUENCE  OF  THE  RATE  OF  CHANGE  OF  RUDDER 

One  of  the  results  shown  in  the  course  of  the  tests  carried  out  several  years  ago  on 
twin-screw  ships  was  concerned  with  the  advantage  of  increasing  the  rate  of  change  of  rudder. 

In  the  course  of  the  series  of  tests  with  which  the  present  paper  is  dealing,  compari¬ 
sons  were  made  with  variable  rates  of  change  (4  and  8  dog  sec  for  the  full-scale  ship  in  one 
case,  2.5  and  5  deg/sec  in  another  case);  these  concerned  single-screw  ships. 

The  conclusion  drawn  previously  has  not  been  confirmed.  This  is  easy  to  understand 
if  we  examine  the  recordings  themselves  (see  Figure  2):  the  time  during  which  the  rudder  is 
in  motion  is  actually  a  small  fraction  of  the  total  testing  time  and  one  would  change  practi¬ 
cally  nothing  in  the  curves  a((),  hence  in  the  phenomenon  as  a  whole,  by  adopting  a  very 
large  rate  of  change. 

Therein  lies,  probably,  the  explanation  for  the  disagreement  between  the  tests  carried 
out  on  ships  with  a  single  propeller  and  those  with  two  propellers.*  In  the  case  of  a  single¬ 
screw'  ship,  the  hull  and  the  rudder  form  a  rigid  hydrodynamic  unit  and  the  time  for  setting  up 
the  circulation  is  of  the  order  of  magnitude  of  the  time  which  the  ship  takes  to  travel  its  own 
length;  it  is  always  greater  than  the  time  for  changing  the  rudder;**  reducing  this  time  would 
no  longer  hold  any  advantage  within,  a  certain  limit. 

In  the  case  of  a  twin-screw  ship,  on  the  contrary,  if  the  rudder  is  well  clear  from  the 
hull,  a  circulation  is  set  up  about  the  rudder  at  the  end  of  a  period  of  time  which  is  of  the 


*Tests  recently  carried  out  on  a  tanker  with  two  propellers  have  yielded  a  negative  result;  however,  the 
number  of  passages  with  a  variable  rate  of  change  was  too  small  for  any  valid  conclusion  to  be  drawn. 

**For  L  =  200  m  and  V  =  5  m/sec,  the  time  for  setting  up  the  circulation  would  be  of  the  order  of  40  sec  while 
the  time  of  change  from  —30  deg  to  +30  deg  is  only  15  sec  for  a  rate  of  change  of  4  deg/sec. 
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order  of  the  time  which  the  rudder  takes  to  travel  its  own  length.  The  advantage  of  increasing 
the  rate  of  change  of  rudder  is  then  a  greater  one. 

Let  us  finally  take  note  of  the  fact  that,,  even  if  the  model  results  are  negative,  it  is 
probably  advantageous  to  reduce  the  time  of  change  of  rudder  for  the  full-scale  ship  since 
this  is  a  lost  time  which  is  more  important  than  the  lost  time  due  to  the  pilot,  whereas  respect¬ 
ing  the  model,  these  two  lost  times  being  of  the  same  order,*  the  effect  of  the  change  of  the 
speed  of  rudder  movement  runs  the  risk  of  being  obscured.**  The  torque  on  the  rudder  stock 
always  remains  smaller  than  the  torque  in  unrestricted  water  (due  to  the  reduction  of  the  nor¬ 
mal  speed);  the  increase  in  the  rate  of  change  of  rudder,  in  the  canal  only,  does  not,  moreover, 
lead  to  an  increase  of  the  power  of  the  steering  gear. 

4.  COMPARISON  BETWEEN  A  SOLUTION  WITH  ONE  PROPELLER  AND 
A  SOLUTION  WITH  TWO  PROPELLERS 

\  single  ship  with  two  propellers  was  tested  in  the  course  of  the  series 
of  tests  which  are  being  considered  here;  this  is  the  tanker  C.  Its  forms  are  derived  from 
those  of  the  tankers  of  30,000  tons  for  which  the  first  test  facility  had  been  constructed;  hence, 
it  was  especially  designed  for  the  maneuverability  in  a  canal.  It  has  a  semibalanced  rudder, 
whose  upper  portion  pivots  about  the  after  edge  of  a  skeg  with  a  horizontal  base;  this  arrange¬ 
ment  is  favorable  to  the  rapid  setting  up  of  the  circulation  about  the  rudder  since  it  is  well 
clear  of  the  hull,  and  fnvornble  for  course  keeping  because  of  the  extended  skeg.  In  addition, 
the  rudder  area  is  indeed  larger  than  usual  1  and  its  rate  of  change  likewise  (S  deg  sec  in  a 
canal). 

The  maneuverability  of  the  tanker  C  may  be  compared  to  that  of  the  tankers  \  and  >5 
with  a  single  propeller  and  a  balanced  rudder  which  were  tested  in  the  same  model  canal 
under  similar  conditions  of  draft  and  of  depth  of  water  in  the  canal. 

The  table  indicates  the  tost  conditions  under  which  the  three  vessels  mny  be 
compared.  The  absolute  values  given  for  A  and  B  are  those  of  the  full-scale  ships,  whereas 
the  values  indicated  for  C  correspond  to  a  ship  geometrically  similar  to  the  full-scale  ship 
such  that  the  canal  is  the  same  for  the  three  ships  tt  (width  of  channel  bed;  51.60;  slope  of 
the  bank  1  3). 


For  a  1  / 3f^“3 ca ie  model,  the  change  of  rudder  from  —TO  deg  to  +30  deg  is  effected  in  less  than  3  sec  if  the 
speed  of  change  of  the  ship  rudder  is  4  deg/sec. 

**It  is  possible  cuch  a  case  that  a  good  model  pilot  does  not  feel  the  need  for  a  rapid  change  of  rudder,  and 
that  the  opposite  applies  for  a  second-rate  pilot. 


t. 


projected  area  of  the  rudder 

Under  the  test  condition  2„  (see  table),  the  ratio  - — - - - “ — 

^  longitudinal  area  of  the  hull 


0.029- 


tt]n  the  same  model  canal,  we  have  actually  tested  ship  models  on  different  scales  (1/32.5  for  A  and  13, 
1/29.8  for  C). 
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The  condition  lc  nmy  be  compared  to  the  condition  1A;  moroovor,  it  is  a  priori  less 
difficult  (larger  rudder  area,  greater  rate  of  change  of  rudder,*  larger  S/23).  The  ships  \  and 
C  give  rise  to  similar  phenomena  for  the  conditions  1A  and  lc,  respectively:  up  to  8  knots, 
the  passage  is  relatively  oasy,  but  from  8  to  9  knots  (maximum  speod  of  the  tests),  it  becomes 
very  difficult:  amax  =  HO  deg;  and  the  proportion  of  bad  passages  is  high:  1/3  to  1/2  for  1  ; 
1/1  for  lc. 


Variable  Conditions  j 

Fixed  Conditions 

Number 

of 

Test 

Draft 

(Ship) 

m 

Depth  of 
Water 
(Canal) 
m 

S 

25 

Ship  A 

Length  between  perpendiculars  = 

250  m 

7.9 

13.75 

4.6 

Beam 

34.1  n 

Rudder  area 

47.0  m2 

50.5  ni2 

2a 

10.2 

12.9 

3.3 

Rate  of  change  of  rudder 

4  and  5  deg  sec 

3a 

10.7 

12.9 

3.2 

Ship  B 

Length  between  oe rpenc icul  ars  = 

229  m 

Beam 

32.2  m 

1.i 

10.2 

12.9 

3.5 

Rudder  area 

41  m2 

43.0  m2 

Rate  of  change  of  rudder 

5  deg/sec 

Ship  C 

Length  between  perpendiculars  - 

248  m 

Beam  - 

33.0  m 

!C 

8.3 

14.7 

5.1 

Rudder  aiea 

80.5  m2 

Rate  of  change  of  rudder 

8  deg/sec 

Zc 

12.0 

14.7 

3.6 

The  condition  2C  may  be  compared  to  conditions  2A.  3A,  and  1J},  but  here  again  and 
for  the  same  reasons,  it  is  a  priori  less  difficult.  For  2C,  the  tests  were  carried  out  only  be¬ 
tween  5.2  and  6.8  knots:  <*max  =  30  deg,  the  proportion  of  bad  passages  is  2/3. 

For  2a,  between  5.2  and  6.5  knots  (critical  zone  for  the  maneuverability),  ariax  =  30 
deg,  !a|max  =  12.5  deg;  the  proportion  of  bad  passages  is  1/10. 

For  3 A,  between  4.8  and  6.2  knots  (critical  zone),  amax  =  30  deg,  a!max  12.5  deg; 
the  proportion  of  bad  passages  is  1/5- 


*4  deft/ sec  for  the  condition  1A- 
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For  1Q,  between  6.1  and  7.4  knots  (critical  zone),  amg%  =  25  deg,  |'a|Iliax  =  10  deg;  the 
proportion  of  bad  passages  is  1/20. 

The  comparison  between  lc  and  1A,  on  the  one  hand,  and  between  2C  and  2A,  3A,  1)3, 
on  the  other,  show  that  "for  difficult  transit  conditions,  a  good  solution  with  two  propellers 
remains  inferior  to  a  classical  solution  with  a  single  propeller.  In  ballast-trim,  however,  the 
difference  between  the  two  solutions  would  generally  be  smaller  than  under  load*  since  the 
single  propeller,  of  large  diameter,  and  the  rudder  then  work  under  bad  conditions  (chances  of 
emersion). 


IV.  CONCLUSIONS 

One  may  ask  if  by  giving  an  important  role  to  a  human  pilot,  one  does  not  introduce  a 
subjective  element  likely  to  distort  the  phenomena  which  one  wishes  to  measure.  However, 
the  results  obtained  show  that  the  method  used  enables  us  to  form  a  correct  idea  concerning 
the  qualities  of  a  ship  and  even  to  establish  objective  laws  which  are  confirmed  with  a  rea¬ 
sonable  approximation  by  all  the  ships  tested. 

A  good  oxamp'e  of  this  statement,  it  seems  to  us,  is  the  obvious  fact  that  there  exists 
a  critical  speed  from  the  point  of  view  of  maneuverability  in  a  canal;  for  a  speed  somewhat 
below  that  of  the  “wall”  of  resistance,  it  is  found  that  it  is  difficult  to  maneuver,  whereas 
for  lower  or  higher  speeds,-  this  difficulty-disappears.  ’desuits  obtained  unarm  these  very 
different  conditions  agree  pretty  well  with  one  another. 

If,  contrary  to  our  expectations,  the  effect  of  the  ra-t-e  of  change  of  rudder  turned  out  to 
tie  practically  zero,  it  is  probably  due  to  the  fact  that  the  tests  dealt  with  single-screw  ships 
for  which  the  lift  at  the  moment  of  the  rudder  change  is  not  produced  in  quite  the  same  manner 
as  on  a  twin-screw  ship.  New  tests  will  have  to  be  undertaken  to  clear  up  this  problem. 

V/c  have  shown  on  the  basis  of  an  example  what  difference  exists,  from  the  point  of 
view  of  maneuverability,  between  a  ship  with  two  propellers  considered  to  bo 
excellent  and  a  ship  with  a  single  propeller  of  classic  design.  For  difficult  transit  conditions, 
the  ship  with  a  single  propeller  proves  to  be  the  best  in  any  case;  this  does  not  imply,  how¬ 
ever,  that  adequate  characteristics  are  unobtainable  for  a  ship  with  two  propellers. 

In  this  paper  we  have  not  been  concerned  with  a  comparison  between  the  model  and  the 
full-scale  ship.  There  is  a  lack  of  sufficient  data  in  this  connection;  moreover,  it  is  difficult 
to  make  a  complete  comparison  because,  apart  from  the  hydrodynamic  scale  effects,  there  may 
exist  scale  effects  which  are  due  to  the  nonsimilarity  of  the  lost  times  (rapidity  of  estimating 
the  yawing  motions,  reflex  times  of  the  pilot,  and  possibly,  times  for  transmitting  the  orders). 
We  can  state  positively,  however,  that  the  ships  which  have  been  found  to  be  satisfactory  in 
the  modei  basin  have  always  proved  to  be  very  maneuverable  in  actual  canals. 


* 


Up  to  8  knots* 


1^,  and  1^  yield  comparable  results. 


188 


REFERENCES 


1.  Brard,  R.,  “Essais  en  modele  de  canal  de  modeles  de  navires  autopropulses,” 
Association  Technique  Maritime  et  \eronautique  (1950). 

2.  de  Verdiere,  G.  and  \udren,  V.,  “Influence  des  formes  de  navires  et  de  gouvernails 
sur  la  navigation  en  canal.  Comparaison  du  modele  et  du  reel,”  \ssociation  Technique  Mari¬ 
time  et  Aeronautique  (1951). 

3.  Brard,  R.,  “Maneuvering  of  Ships  in  Deep  Water,  in  Shallow  Water,  and  in  Canals,” 
Society  of  Naval  Architects  and  Marine  Engineers  (1951). 


189 


V.-tM 

■w~ 

- |\  5 

I 

1  W 

t 

1 

H 

.  . 

I 

Figure  2  —  Example  of  a  Recording 


9  The  model  has  struck 
the  bank 


■u 

• 

i 

“ 

' 

! 

!u 

| 

. 

1  fenAt 

r  A 

j  Jj  T^nt~r  3 

| 

\  • 

i 

_ 

n 

$ 

_ 

_ L 

Figure  5 


DISCUSSIONS 


H.  E.  Saunders: 

I  wish  simply  to  point  out  one  feature  which  I  believe  is  responsible  for  the  critical 
nature  of  the  maneuvering  of  these  models  at  the  speed  which  you  call  the  “critical  speed.” 

You  do  not  give  the  water  depth.  I  can’t  calculate  the  speed  of  the  solitary  wave  but  I  am 
sure  that  your  trouble  comes  when  the  ship  is  either  rising  up  on  the  back  of  a  solitary  wave 
or  getting  over  on  the  top  of  it.  Your  difficulty  comes  about  by  running  at  the  speed  of  the 
solitary  wave.  The  water  depth  should  be  somewhat  in  the  order  of  a  foot  and  a  half. 

Mr.  Bindel 's  reply: 

The  critical  speed  for  maneuverability  coincides  approximately  with  the  change  between 
steady  and  unsteady  flow;  it  is  below  the  speed  of  the  solitary  wave  (which  we  never  attained). 
As  pointed  out  in  the  paper,  the  speed  of  change  of  flow  depends  not  only  on  but  also  on  the 
water  depth  II  by  means  of  y  (ill- 

H.  E.  Saunders: 

1  still  believe  there  is  some  connection  between  the  two. 


V.  E.  W  iliams: 

1  would  like  to  ask  one  question.  In  work  that  we  did,  sponsored  by  TMB,  we  found 
that  the  performance  of  a  ship  is  greatly  affected  by  the  rate. of  the  motion  of  the  control  sur¬ 
face  and  as  a  function  of  the  stability  of  the  boat.  1  would  like  to  ask  the  author  what  is  the 
relative  stability  of  the  boat. 


Mr.  Bindel's  reply: 

We  did  not  measure  the  stability  on  course  of  the  ships  tested. 


V.  E.  Williams: 

The  boat  that  is  relatively  stable  will  be  less  affected  by  the  rate  of  motion  of  the  con¬ 
trol  surface,  whereas  a  boat  that  is  very  unstable  will  be  greatly  affected  by  the  greater 
motion  of  the  control  surface. 
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5.  T.  Mathews: 


I  would  like  to  thank  Mr.  Bindel  for  the  excellent  description  in  his  paper  of  his  shallow- 
water  maneuvering  facilities.  I  would  like  to  ask  Mr.  Bindel  if  he  considers  any  useful  pur¬ 
pose  could  be  brought  about  by  breaking  down  the  overall  problem  into  a  number  of  components. 
For  instance,  to  use  the  model  and  canal  for  finding  out  the  proximity  to  the  bank  required  for 
grounding  and  then  to  measure  the  stability  and  control  derivatives  of  the  model  in  the  horizontal 
plane  under  3hallow-water  conditions.  Then  I  think  the  important  next  step  is  the  standard 
analog  computer,  and  it  wouldn’t  be  difficult  to  have  a  simulator  rigged  up  for  three  degrees 
of  freedom  so  that  you  could  have  a  1:1  time  correspondence  on  the  system.  Then  the  problem 
narrows  down  to  steering  the  vessel  within  known  restrictive  tracks.  Furthermore,  you  could 
have  perhaps  a  more  realistic  space  system  which  was  referred  to  this  morning. 


Mr.  Bindel’s  reply: 

1  think  it  would  be  very  interesting  to  divide  the  problem  into  components  but  the 
number  of  these  is  great  and,  therefore,  is  also  great  the  number  of  tests  to  deal  with,  the 
whole  of  the  question.  A  significant  advantage  of  our  method  is  to  enable  us  to  find  very 
quickly  if  a  given  ship  is  good  or  not.  But,  for  systematic  series  of  tests  it  would  be  useful 
to  determine  the  effect  of  the  various  parameters,  and.  for  that  case,  to  keep  in  mind  the 
feasibility  of  a  simulator. 

C.  G.  Moody: 

Mr.  Bindel  has  given  us  some  interesting  statistics  on  the  handling  qualities  of  ships 
in  canals.  Ilis  note  on  the  existence  of  a  critical  speed  is  intriguing.  No  doubt  it  is  asking 
a  great  deal,  but  in  continuing  with  this  work  it  would  be  very  helpful  if  he  could  supplement 
these  statistics  with  some  pertinent  observations  on  the  accompanying  physical  phenomena. 

The  author  has  followed  the  best  scientific  tradition  in  showing  all  of  the  data  points, 
including  one  lonesome  point,  in  Figure  3.  There  are  transient  effects  in  canal  tests  that 
could  easily  make  one  data  point  different  from  the  others.  In  this  instance, Though,  the 
lonesome  point  may  have  some  significance;  for  it  is  not  only  the  highest  point  in  the  figure, 
but  the  lowest  points  in  the  same  region  are  higher  than  the  lowest  points  in  any  other  part 
of  the  figure. 

The  ship  speeds  represented  in  these  tests  were  well  below  the  solitary  wave  speed 
for  the  approximately  13-meter  water  depth  of  the  main  channel.  However,  the  wave  pattern 
of  the  ship  is  affected  along  the  sides  of  the  canal  by  the  shallow  water  over  the  sloping 
banks. 

It  may  be  of  interest  to  note  in  this  connection  that  a  solitary  wave  can  be  created  by 
the  sudden  entrance  of  a  vessel  into  the  confined  water  of  a  canal,  or  by  the  initial  accel- 
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eration  of  a  vessel  that  is  set  in  motion  within  the  canal.  In  some  canal  tests  at  the  David 
Taylor  Model  Basin  it  was  found  that  the  starting  movement  of  the  model  under  the-  carriage 
created  a  wave  crest  about  ‘4  inch  (or  6  mm)  high  which  ran  out  ahead  of  the  model  down  the 
channel,  and  also  a  wave  hollow  which  simultaneously  ran  in  the  opposite  direction  astern  of  the 
model.  A  similar  occurrence  was  reported  by  Rear  Admiral  E.  A.  Wright* **  (then  Lieutenant 
Commander  Wright)  but  in  that  instance  the  wave,  which  was  observed  in  the  Experimental 
Model  Basin  at  the  Washington  Navy  Yard,  was  only  a  few  thousandths  of  an  inch  high. 

The  author  attributes  the  fact  that  the  handling  qualities  of  the  ship  arc-  improved  when 
the  speed  is  increased  above  the  critical  speed,  as  shown  in  Figure  4,  to  the  greater  propul¬ 
sive  thrust,  which  is  favorable  to  the  rudder  action.  A  practical  solution  to  the  problem  of 
handling  such  ships  in  canals  consequently  is  to  put  a  tugboat  behind  the  ship  to  held  back 
on  the  stern  and  in  this  way  to  increase  the  propeller  thrust  of  the  ship  at  a  given  speed. 

The  hawser  should  he  fairly  long  to  permit  the  tug  and  the  ship  to  steer  independently  of 
each  other,  and  generally  should  be  attached  to  the  tug  at  a  point  about  0.2  of  the  length 
from  the  bow.  The  point  of  attachment  should  be  a  little  forward  of  the  center  of  lateral 
resistance  of  the  tug  on  a  straight  course  in  yaw;  that  is  to  say,  it  should  be  a  little  for¬ 
ward  of  the  point  that  Mr.  R.  E.  Newton  has  aptly  referred  to  in  his  paper  as  the  “neutral 
point.’’  The  paddle  tugs  of  the  British  Admiralty  are  well  suited  to  this  purpose  because 

they  can  back  both  paddles  and  still  steer  with  the  rudder  in  the  normal  fashion  while  going 
ahead.  The  idea  of  using  a  tug  astern  of  a  ship  for  this  purpose  has  been  previously  presented.’* 


J.  L.  Goldman; 

Mr.  Bindel  has  mentioned  the  phenomenon  of  the  twin-screw  vessel  benefiting  from  a 
very  high  rate  of  rudder  change,  that  is,  in  the  order  of  8  degrees  per  second,  whereas  the 
single-screw  ship,  as  1  understand  it,  receives  no  benefit  from  this  phenomenon.  I  wonder  if 
the  explanation  that  Mr.  Bindei  gave  us  is  the  correct  one  or  if  there  is  possibly  a  simpler 
one  that  explains  it.  Is  it  just  that  in  the  twin-screw  ship,  as  the  rudder  swings  over  more 
rapidly,  it  comes  more  quickly  into  the  screw  race  coming  off  from  one  of  the  propellers, 
and  then  the  rudder  becomes  more  effective.  We  have  found  so  often  that  until  the  rudder  gets 
into  a  propeller  race  on  a  twin-screw  vessel  that  to  fix  a  lower  speed  is  net  very  effective  at 
all.  Perhaps  he  is  accomplishing  this.  I  would  like  to  ask  this  as  a  question. 


*  Wright,  E.  A.,  Comments  on  "The  Effect  of  Size  of  Towing  Tank  on  Model  Resistance, 41  i  ransactions. 
Society  of  Naval  Architects  and  Marine  Engineers,  Vol.  50,  p.  187  (1942). 

**  Moody,  C.  G. ,  "The  Handling  of  Live  Super  Ships  through  Gaillard  Cui  of  the  Panama  Canal,”  David  Taylor 
Model  Basin  Report  1277  (Oct  1958). 
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Mr.  Bindel’s  reply: 


I  think  that  the  remark  of  Mr.  Goldman  may  contribute  for  a  part  to  the  understanding  of 
the  matter.  The  explanation  I  gave  concerns  a  twin-screw  ship  with  a  rudder  well  clear  of  the 
hull  and  well  clear  of  the  propellers;  if  you  turn  the  rudder,  the  time  to  establish  the  circu¬ 
lation  is  of  the  order  of  the  time  for  the  rudder  to  travel  its  own  length.  On  the  contrary,  for 
a  single-screw  ship  the  time  to  establish  the  circulation  is  of  the  order  of  time  fer  the  ship 
to  travel  its  own  length.  Setting  up  of  circulation  on  a  twin-screw  ship  and  on  a  single-screw 
ship  is  therefore  different. 
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ABSTRACT 


In  1946-47  the  David  Taylor  Model  Basin  conducted  an  extensive  study  on 
the  performance  of  model  ships  in  restricted  channels  primarily  to  obtain  infor¬ 
mation  which  would  be  of  assistance  to  the  Panama  Canal  Company  in  the  design 
of  a  modernized  canal  across  the  Isthmus  of  Panama.  The  results  of  this  study 
were  presented  in  TMB  Report  601  by  R.S.  Garthune,  B.  Rosenberg,  D.  Cafiero, 
and  C.R.  Olson.  Pertinent  portions  of  these  results  were  re-analyzed  recently  by 
the  author  in  an  endeavor  to  derive  broadly  applicable  data  for  estimating  the 
effects  of  bank  suction  in  restricted  water  on  full-lined  merchant  ship  hulls.  The 
basic  data,  although  limited  in  scope,  indicated  consistent  trends  which  made  it 
possible  to  derive  a  simple  nondimensionalized  design  chart  for  estimating  the 
magnitude  of  side  force  and  turning  moment  on  ships  having  the  general  propor¬ 
tions  of  modern  tankers,  as  functions  of  channel  depth  to  draft  ratio,  channel 
width  to  beam  ratio,  and  distance  from  the  centerline  of  the  channel  to  beam  ratio. 
It  is  believed  that  this  chart  will  assist  the  designer  of  the  ship’s  rudder  in 
making  proper  allowance  for  the  additional  side  force  and  turning  moment  ex¬ 
perienced  by  the  ship  when  transiting  restricted  waterways. 


INTRODUCTION 

In  the  course  of  analyzing  the  causes  for  the  grounding  of  several  merchant  vessels  i.i 
the  Panama  Canal,  the  author  had  occasion  to  investigate  the  effect  of  ‘bank  suction”  in 
narrow  canals  on  the  controllability  of  transiting  vessels.  This  effect  is  well  known  and 
easily  explained  in  nualitative  terms;  however,  nuantitatively,  the  effects  are  not  easily  com¬ 
puted  and,  in  general,  must  be  obtained  experimentally.  Model  tests  lend  themselves  for  this 
purpose  and  have  often  been  resorted  to. 

An  extensive  investigation  on  model  scale  was  carried  out  in  the  David  Taylor  Model 
Basin  in  1946-48  at  the  request  of  the  Panama  Canr.l  Company.  The  primary  purpose  of  this 
investigation  was  to  obtain  data  for  selecting  the  best  channel  cross  section  and  the  charac¬ 
teristics  of  channel  bends  for  a  modernized  Panama  Canal  but,  as  a  byproduct,  numerical  data 
on  bank  suction  effects  were  also  obtained.  The  results  of  this  investigation  were  published 
in  TMB  Report  601  by  R.S.  Garthune,  B.  Rosenborg,  D.  Cafiero,  and  C.R.  Olson. 

In  view  of  the  narrowly  prescribed  objective  of  the  project,  no  attempt  was  made  in 
Report  601  to  draw  broad  conclusions  from  the  data.  Ilonce,  when  the  writer  in  the  aforemen¬ 
tioned  study  attempted  to  use  the  data  for  estimating  bank  suction  effects  for  ships  of  vari¬ 
ous  sizes,  a  complete  re-analysis  of  the  pertinent  data  became  necessary.  This  analysis 
and  the  results  obtained  are  presented  in  the  following. 
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GENERAL  CONSIDERATIONS 


When  a  ship  or  similar  body  proceeds  at  steady  speed  through  a  fluid  at  rest,  fluid  is 
continuously  displaced  at  the  bow  and  transported  around  the  ship  to  fill  the  void  behind  the 
stem.  This  flow  produces  pressures  on  the  hull  which  in  unrestricted  water  are  balanced, 
port  and  starboard,  so  that  nolforees  tending  to  transport  the  ship  laterally  arise.  The  same 
will  be  true  in  a  channel  restricted  in  width  as  long  as  the  ship  advances  along  the  centerline 
of  the  channel.  However,  it  is  no  longer  true  when  the  ship  advances  parallel  to  but  to  one 
side  of  the  channel  centerline.  In  this  case,  the  pressures  on  port  and  starboard  are  different 
in  magnitude  and  distribution  so  that  lateral  forces  and  yawing  moments  arise.  In  general, 
the  directions  of  these  forces  and  moments  are  such  that  the  vessel  will  be  transported  toward 
the  nearer  bank,  and  the  bow  tends  to  sheer  away  from  the  nearer  bank.  An  exception  may 
arise  when  the  vessel  has  a  large  initial  yaw.  In  this  case,  bank  suction  may  increase  the 
yaw  angle  through  Venturi  effect  which  may  not  be  correctable  by  the  rudder  and  may  lead  to 
the  bow  striking  the  bank. 


MODEL  TEST  RESULTS 

In  the  investigation  refeired  to,  several  types  of  tests  were  run  and  several  types  of 
models  were  used.  For  information  on  those,  the  reader  is  referred  to  the  original  report. 
Amongst  them  were  tests  on  a  model  of  a  large  tanker  performed  in  the  TMB  circulating-water 
channel  in  which  lateral  force  and  turning  moment  wore  measured.  These  are  the  only  tests 
of  interest  here  and  will  be  discussed  in  the  following. 

The  circulating-water  channel  of  the  Taylor  Model  Basin  has  a  test  section  22  feet 
w  ide,  60  feet  long,  and  9  feet  deep;  the  water  speed  can  be  varied  up  to  a  maximum  of  10  knots. 
Water  depth  can  also  be  varied  by  running  the  channel  partly  full,  and  channel  width  can  be 
varied  by  inserting  removable  partitions  into  the  test  section. 

The  tests  of  interest  here  were  conducted  on  a  model  representing  a  twin-screw  tanker 
having  a  length  of  720.6  feet,  100-foot  beam,  32.13- foot  draft,  and  fitted  with  a  single  rudder. 

In  these  tests,  the  model  was  held  stationary  at  zero  yaw  angle  (parallel  to  the  channel  walls) 
with  the  rudder  on  the  centerline  and  propellers  running  at  self-propulsion  rpm  in  streaming 
water  varying  in  speed  :rom  4.5  to  10  knots  (full  scale).  The  channel  width  and  depth  and  the 
position  of  the  model  with  reference  to  the  channel  centerline  were  varied.  The  forces  and 
moments  to  hold  the  model  in  equilibrium  were  measured  by  suitable  instrumentation.  The  data 
obtained,  taken  from  Table  4.2  of  TMB  Report  601,  are  reproduced  in  Table  1.  All  dimensions 
in  this  table  are  given  in  terms  of  full  scale. 

ANALYSIS  AND  PRESENTATION  OF  THE  DATA 

The  data  measured  in  the  tests  were  treated  as  follows.  From  the  measured  lateral 
force  and  water  speed  a  nondimensional  coefficient  was  computed;  this  coefficient  is  defined 

by 


201 


F 
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p/2(L  d)v2 

where  F  is  the  lateral  force  in  pounds, 

p  is  the  fluid  density  in  slugs  per  cubic  foot, 

L  is  the  ship  length  in  feet, 
d  is  the  ship  draft  in  feet,  and 

v  is  the  ship  speed  relative  to  undisturbed  water  in  feet  per  second. 

Next,  the  distance  Y  from  the  center  of  the  channel  was  expressed  as  a  fraction  of  the  ship 
beam  B.  Finally,  the  product  of  the  lateral  force  F  and  of  the  ship  length  L  was  computed. 
The  results  of  these  computations  are  shown  in  the  last  three  columns  of  Table  1. 

The  data  given  in  Table  1  were  analyzed  graphically  as  follows: 

a.  The  variation  of  CV-  with  distance  from  the  channel  centerline  for  constant  channel 
depth  was  determined.  This  resulted  in  the  graph.  Figure  1,  in  which  Cp  is  plotted  against 
Y/C  for  a  channel  depth  //  of  45  feet,  or  for  H/d  =  1.40. 

b.  The  variation  of  Cp  with  channel  depth  for  constant  channel  width  was  investigated. 
This  resulted  in  the  graph.  Figure  2,  in  which  Cp  is  plotted  against  Y/B  for  a  constant 
channel  width  of  500  feet  (li'//>  =  5.0)  and  for  three  depths:  45  feet,  60  feet,  and  80  feet  or 
H/d=  1.40,  1.866,  and  2.49. 

c.  The  location  of  the  center  of  lateral  pressure  on  the  hull  was  found  by  plotting  the 
measured  yawing  moment  M  against  the  computed  product  FL.  This  resulted  in  the  graph, 
Figure  3. 

In  each  figure,  faired  curves  were  drawn  through  the  experimental  spots.  It  will  be  seen  that 
the  spots  are  considerably  dispersed  but  nevertheless  show  consistent  trends.  This  consist¬ 
ency  enabled  construction  of  the  design  charts.  Figures  4  and  5.  In  Figure  5,  Cp  is  given  as 
a  function  of  Y/B  for  constant  values  of  channel  width  to  beam  ratios.  Figure  4  gives  the 
location  of  the  center  of  lateral  pressure  x  determined  from  the  relation 

M 

x~  71 

and  of  the  depth  correction  factor  (a)  applicable  to  Cp  determined  from  the  relation 

Cp  for  given  H/d 
°  CF  for  H/d  1.40 

ILLUSTRATIVE  EXAMPLE 

The  application  of  the  design  charts  becomes  clear  from  the  following  numerical 
example.  Find  the  bank  suction  force  and  the  yawing  moment  in  a  restricted  rectangular 
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channel  when  the  ship  is  advancing  parallel  to  the  bank  but  to  one  side  of  the  centerline  of 
the  channel,  assuming  the  following  data  to  be  given: 


Channel  width 

Channel  depth 

Distance  off  channel  C.L. 

Ship  length 

Ship  beam 

Ship  draft 

Speed 

Salt  water  density 


Ik  =  400  feet 
H  =  45  feet 

V  =  120  feet 
L  700’  feet 

B  =  90  feet 

d  =  28  feet 

v  =  10  feet  per  second 

p  1.99  slut's  per  eubie  foot 


From  the  given  data,  we  get 

120 

Y/B  =  —  -  1.33 
90 


400 

W/B  =  -  4.44 

90 


ll/d 


45 

-  1.C1 

28 


Kntering  Figure  5,  wo  find 


Cy  0.0.190 

and  entering  Figure  4  with  H/d  1.61,  we  get 


a  0.915 
x  =  -  0.226 


lienee,  the  lateral  force  F  is 

1  99 

F  0.0390  ~ —  (700)  (28) (100) (0.915)  69,600  pounds 


and  the  yawing  moment  M  is 

V/  (-0.226)  (700)  (69,600)  =  -  11,000,000  pounds-feet. 


The  minus  sign  indicates  that  the  moment  is  counterclockwise  when  the  force  is  considered 
positive  pointing  to  starboard,  and  inversely. 


TABLE  1 


Lateral  Force  and  Yawing  Moment  at  Zero  Yaw  and 
Zero  Rudder  Angles  for  a  Twin-Screw  Tanker 

L  =  720.6  X  B  =  100  ft  X  d  =  32. 13  ft. 
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CONCLUDING  REMARKS 


In  the  investigation  from  which  the  data  in  Table  1  were  taken,  the  lateral  forces  and 
yawing  moments  were  measured  with  and  without  propellers  running;  the  difference  between 
the  two  sets  of  data  was  found  to  be  small.  From  this  it  may  be  concluded  that  bank  suction 
effects  are  not  greatly  affected  by  propeller  action  and  that  the  data  presented  may  be  used 
for  estimating  bank  suction  effects  for  single-screw  as  well  as  for  twin-screw  merchant  ships 
of  relatively  full  form. 

One  restriction  on  the  use  of  the  given  data  for  estimating  bank  suction  effects  is  the 
fact  that  the  data  apply  only  for  the  condition  when  the  ship  advances  parallel  to  but  to  one 
side  of  the  centerline  of  the  channel.  As  indicated  previously,  bank  suction  produces  both  a 
lateral  force  and  a  turning  moment.  Hence,  for  the  vessel  to  be  in  directionally  stable  equi¬ 
librium,  an  equal  and  opposite  force  and  moment  must  bo  applied.  In  general,  the  ruddor  alone 
is  not  able  to  supply  this  force  and  moment  and  the  vessel  must  be  allowed  to  take  on  a  small 
yaw  angle  to  supplement  the  ruddor  effort;  in  other  words,  the  vessel  must  bo  allowed  to 
advance  crab  fashion.  Therefore,  the  conditions  at  which  the  tests  wore  run  are  not  equilib¬ 
rium  conditions.  In  view  of  this,  it  might  seem  that  the  data  given  are  of  little  practical  use; 
however,  this  view  would  be  unduly  pessimistic.  The  condition  of  the  vessel  advancing  to  ono 
side  and  parallel  to  the  channel  centerline  is  an  unfavorable  ono.  Hence,  if  the  rudder  has 
sufficient  power  to  counteract  bank  suction  for  this  condition,  in  general,  it  will  also  bo  able 
to  control  the  ship  for  other  conditions.  An  exception  to  this  may  occur  when  the  ship 
develops  a  largo  initial  sheer  and  the  moment  developed  by  bank  suction  tends  to  increase 
rather  than  break  the  sheer.  In  this  case,  uncontrollable  motion  may  result  that  may  end  in 
grounding. 
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;:ro  1  —  \  arialion  of  Cy  with  ii  /II  for  Constant  ll/d  =  1.40 
F 

(F  ~  -  , 

p  2(/>/)v2 

I  Lateral  force  in  pounds 

P  Fluid  density 

L  -  Ship  length  in  feet 
d  Ship  draft  in  feet 
v  Ship  speed  in  feet  per  second 

V  =  Distance  from  channel  centerline 
/<  -  Ship  besro  in  feet 
IV  =  Channel  width  in  feet 
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Figure  5  —  Cross-Faired  Values  of  Cp  for  ll/d  =  1.40  and  Varying  H  H 
F 

- 

P!UU)v2 

h  =  Lateral  force  in  pounds 
p  Fluid  density 
L  =  Ship  length  in  feet 
d  =  Ship  diaft  in  feet 
v  =  Ship  speed  in  feet  per  second 
y  =  Distance  from  channel  centerline 
B  =  Ship  beam  in  feet 
IV  —  Channel  width  in  feet 
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ABSTRACT 


The  concept  of  definitive  maneuvers  is  introduced  as  a  means  for 
providing  numerical  measures  of  handling  qualities  of  surface  ships  which 
can  ultimately  lead  to  objective  standards  and  specifications.  Data  derived 
from  three  basic  types  of  definitive  maneuvers,  the  spiral,  overshoot,  and 
turning  circle,  are  presented  to  indicate  the  extent  to  which  handling  qual¬ 
ities  differ  among  existing  ship  types  that  have  been  evaluated.  Tentative 
criteria  are  proposed  to  serve  as  interim  standards  for  selected  qualities 
until  more  complete  and  systematic  data  become  available.  It  i3  recom¬ 
mended  that  the  effort  to  accumulate  data  be  expanded  to  include  numerical 
measures  of  a  wider  variety  of  handling  qualities  not  only  for  existing 
ships  but  for  research  designs  with  near  optimum  stability  and  control 
characteristics . 


INTRODUCTION 

The  subject  of  handling  qualities  of  surface  ships  in  its  broadest  sense 
deals  with  all  types  of  responses  of  a  given  ship  resuiting  from  its  own 
controls  and  external  disturbances.  The  active  controls  of  a  ship  consist 
primarily  of  its  rudders  and  propellers,  although  some  ships  may  be 
equipped  with  fins,  tanks,  or  gyroscopes  for  actively  stabilizing  roll  and 
pitch  responses.  The  external  disturbances  arise  from  either  environmental 
conditions  such  as  wind,  waves,  and  water  currents  or  interaction  effects 
due  to  passage  within  restricted  channels  or  proximity  to  other  ships. 

It  may  be  stated  that  the  broad  objective  in  the  field  of  stability  and 
control  of  ships  is  to  achieve  the  best  stability  and  maneuverability 
characteristics  commensurate  with  other  design  requirements.  It  is  not 
always  obvious,  however,  what  is  categorically  the  "best"  as  in  some 
other  fields  of  naval  architecture.  Many  of  the  previous  attempts  to  define 
these  elusive  qualities  have  been  high! y*  sub je ctive  and  wrapped  up  in  the 
lore  of  the  experienced  ship  operators.  Furthermore,  judgments  are 
usually  made  after  delivery  and  long  term  use  of  a  ship  rather  than  on  the 
basis  of  predetermined  goals. 

It  is  evident,  therefore,  that  there  is  a  pressing  need  for  a  system 
of  objective  standards  whereby  desirable  handling  qualities  for  various  ship 
tvpes  tan  be  ascertained  and  rated  both  from  the  standpoint  of  the  designer 
and  operator.  Since  such  standards  represent  the  finite  objectives  to  be 
achieved  by  the  design  process,  the  handling  quality  approach  should  serve 
as  a  foundation  and  actually  precede  ail  other  approaches  in  the  field  of 
stability  and  control  of  ships. 

The  researchers  have  traditionally  employed  indices,  derivatives,  and 
hydrodynamic  parameters  to  analyze  stability  and  control  characteristics. 
These  methods  may  serve  a  very  useful  purpose  as  analytical  tools  and 


212 


undoubtedly  contribute  to  the  overall  picture.  Their  weakness  lies  in  their 
use  as  figures  of  merit  since  they  usually  lead  to  qualitative  interpretations 
such  as  "acceptable"  or  "unacceptable."  Furthermore,  a  profound  know¬ 
ledge  of  mathematics  and  systems  analysis  of  the  type  found  only  among 
the  highly  specialized  is  required  to  fully  under  stand  the  implications  of 
such  analyses.  The  operators,  on  the  other  hand,  are  concerned  more  in¬ 
timately  with  ship  behavior  as  it  really  exists  in  point  of  full-scale  time 
and  environmental  forcing  functions.  The  operators  are  the  customers 
and  must  live  with  the  ship  long  after  the  design  has  left,  the  drafting  table 
and  research  laboratory.  Thus  to  establish  an  effective  system  for  de¬ 
fining  handling  qualities,  it  is  necessary  to  bridge  this  gap  to  enable  a 
meeting  of  the  minds  of  the  researcher,  designer,  and  operator. 

The  steps  to  be  taken  in  dealing  with  the  subject  of  handling  qualities 
logically  appear  to  fall  in  the  following  sequence: 

1.  Identification  of  significant  handling  qualities  for  Various 
type s  of  ships, 

2.  Formulation  of  test  procedures  or  techniques  to  reveal 
these  qualities  in  a  quantitative  or  numerical  sense, 

3.  Collection  of  handling  quality  data  from  full-scale  trials 
and  free- running-model  tests  of  existing  ships  which 
are  considered  to  be  representative  of  the  compromises 
that  have  been  made  between  handling  qualities  and  other 
design  considerations, 

4.  Collection  of  handling  quality  data  from  model  tests  of 
research  designs  to  establish  the  extent  to  which  im¬ 
provements  can  be  realized  over  existing  types, 

5.  Development  of  tentative  handling  quality  criteria  for 
assessing  relative  merit  among  existing  and  proposed 
designs,  and 

6.  Establishment  of  handling  quality  specifications  to  be 
incorporated  in  the  contractual  negotiations  for  new  ships. 

Although  the  importar  ce  of  establishing  an  effective  system  for  rating 
handling  qualities  has  been  stressed,  it  should  be  borne  in  mind  that  this 
is  only  a  first  step  towarJ  achieving  the  ultimate  refinement  of  the  subject. 
Once  it  is  clearly  understood  by  all  concerned  what  handling  qualities  are 
desirable  and  possible,  the  next  obvious  question  is  what  must  the  de¬ 
signer  do  to  realize  these  predetermined  qualities?  A  well-rounded  pro¬ 
gram  on  the  stability  and  control  of  surface  ships  should  include  the  fol¬ 
lowing  elements: 
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1.  Studies  of  the  handling  qualities 

2.  Analytical  studies  of. the  equations  of  motion  to  determine 
effects  of  arbitrary  changes  in  parameters  or  coefficients 

3.  Experimental  studies  to  relate  geometric  variations  to 
hydrodynamic  forces  and  moments  acting  on  bare  hulls, 
control  surfaces,  and  other  appendages  either  singly  or 
in  combination 

4.  Theoretical  studies  of  the  basic  mechanisms  of  the 
generation  of  hydrodynamic  forces  and  moments  acting 
on  bodies  moving  through  fluids 

5.  Analog  computer  or  free -running  model  studies  of  complete 
configurations  utilizing  the  data  obtained  in  items  1  through  4, 

A  complete  treatise  covering  all  of  the  aspects  of  handling  qualities 
of  surface  ships  would  be  extremely  lengthy  and  somewhat  premature.  The 
subject  of  this  paper  is  confined,  therefore,  to  handling  qualities  associated 
with  horizontal  plane  motions  of  surface  ships  in  es"c-“;r,1ly  w?ter. 

This  includes  the  ground  covered  hy  the  terminology  of  steering  (course¬ 
keeping)  and  maneuvering  (cour  se-changing) .  The  primary  purpose  of 
this  paper  is  to  formulate  a  sy  stem  for  numerically  defining  the  most 
significant  of  these  handling  qualities  to  enable  a  meeting  of  th®  piinds  of 
the  researcher,  designer,  and  operator  with  the  ultimate  objective  of 
achieving  superior  surface  ships  from  the  standpoint  of  stability  and  control. 
To  carry  out  this  purpose,  a  brief  history  of  the  work  related  to  this  pro¬ 
blem  is  given  to  provide  some  background.  The  concept  of  "definitive 
maneuvers"  is  then  introduced  as  the  basic  framework  for  establishing  a 
system  for  rating  handling  qualities.  The  particular  maneuvers  selected 
for  this  purpose  are  described  and  numerical  measures  obtained  from 
model  and  full-scale  tests  employing  these  maneuve  *3  are  given  for  a 
number  of  comme r cial-and  naval-type  surface  ships.  Criteria  are  estab¬ 
lished  to  indicate  good  practices  on  the  basis  of  those  ship  designs  which 
have  been  sampled.  Obviously,  these  are  only  tentative  criteria  for  sur¬ 
face  ships  in  general  and  will  be  subject  to  change  as  more  detailed  and 
progressive  information  becomes  available.  Finally,  recommendations 
are  made  concerning  future  studies  and  trends  that  may  tend  to  improve 
the  state  of  development. 


HISTORY 

The  subject  of  stability  and  control  of  ships  and  other  watercraft  dates 
back  to  ancient  times.  In  fact  it  is  as  old  as  the  first  and  most  primitive 
of  watercraft.  The  importance  of  being  able  to  steer  and  maneuver  water¬ 
craft  must  have  been  obvious  even  to  prehistoric,  man.  It  is  difficult, 
therefore,  to  understand  why  progress  in  this  field  has  been  so  slow  and 
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haphazard  throughout  the  centuries.  An  excellent  survey  of  the  historical 
development  of  design  "procedures"  for  maneuvering  is  given  by  Saunders 
in  the  forthcoming  third  volume  of  his  book  on  "Hydrodynamics  in  Ship 
Design".  1  Consequently,  the  background  given  herein  is  confined  to 
highlights  which  pertain  to  the  development  of  handling  quality  criteria. 

The  formal  aspects  of  the  subject  of  stability  and  control  6f  ships 
embrace  some  of  the  most  difficult  problems  in  hydromechanics.  It  is 
understandable,  therefore,  why  the  researchers  have  been  attracted  by 
this  challenge  and  have  concentrated  on  basic  studies  involving  analyses  of 
the  coefficients  of  the  equations  of  motion.  At  the  other  extreme,  de¬ 
signers,  experimenters,  and  operators  have  been  left  to  their  own  devices 
and  have  relied  upon  empirical  rules  of  sometimes  obscure  origin  to  ob¬ 
tain  ships  whose  handling  qualities  were  at  least  tolerable.  As  the  result 
of  this  "conflict  in  interest"  the  problem  of  establishing  common  goals  has 
never  been  resolved.  A  few  attempts  were  made  in  the  past  to  survey 
experienced  operators  to  obtain  their  opinions  as  to  what  handling  qualities 
they  would  like  to  see  in  their  ships.  These  opinions  have  been  extremely 
vague  and  widely  divergent  even  among  masters  of  sister  ships.  When  the 
operators  retaliated  by  asking  the  designers  and  experimenters  what 
handling  qualities  they  could  supply,  the  answers  were  equally  vague  and 
noncommittal.  On  the  basis  of  such  experiences,  it  now  appears  that  one 
of  the  first  hurdles  that  must  be  overcome  is  the  establishment  of  a  com¬ 
mon  language  to  describe  and  precisely  define  handling  qualities. 

Most  of  the  papers  which  give  a  modern  treatment  of  the  subject  of 
stability  and  control  of  ships  were  issued  after  the  year  of  1940.  It  is  of 
interest  to  examine  a  few  of  these  in  chronological  order  to  determine  the 
extent  to  which  they  coincide  with  the  handling  quality  concepts  outlined 
in  this  paper.  One  of  the  first  papers  which  appears  to  be  pertinent  in  this 
respect  is  Kempf's  1944  paper  entitled,  "Maneuvering  Standards  of  Ships".2 
Here,  the  zig-zag  maneuver  is  introduced  as  a  method  for  defining  a 
maneuvering  "norm"  for  ships.  A  standard  maneuver  cf  this  type  was 
carried  out  with  75  different  freighters.  Both  full-scale  ships  and  models 
were  used  for  these  experiments.  At  first  glance,  this  work  appears  to  be 
directly  applicable  to  the  present  concept  since  it  attempts  to  provide  a 
numerical  standard  of  maneuverability  for  a  given  type  of  ship.  It  may  be 
noted,  however,  that  the  yardstick  employed  for  this  purpose  is  the 
"period"  of  the  particular  zig-zag  maneuver.  It  is  believed  that  this  period 
is  an  index  which  is  of  interest  to  people  involved  in  making  frequency 
response  analyses  rather  than  a  quality  which  concerns  the  operator. 
Furthermore,  this  quantity  is  not  definitive;  a  small  period  is  not  necessarily 
indicative  of  either  good  course-keeping  or  good  course- changing  ability. 
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However,  the  other  data  taken  during  the  first  half-cycle  of  the  zig-zag 
maneuver  such  as  time  to  reach  execute,  overshoot  heading  angle,  and 
overshoot  width  of  path  are  considered  of  more  operational  significance. 
These  data  could  be  quantitatively  used  as  handling  quality  criteria. 
Unfortunately,  the  detailed  data  have  not  been  published  and  have  since 
been  either  lost  or  destroyed. 

The  paper  "Turning  and  Course -Keeping  Qualities,  "  by  Davidson 
and  Schiff  (1946)3  appears  by  its  title  to  be  directly  applicable  to  the 
present  subject.  In  fact,  its  prologue  suggests  that  numerical  indices 
are  needed  so  that  both  turning  and  ease  of  steering  can  be  discussed  in 
quantitative  terms.  The  authors  advocate  that  it  is  important  to  look  into 
the  experience  of  the  past  and  inquire  into  what  combinations  have  been 
realized  in  actual  bodies,  together  with  rudder  sizes  that  have  been  needed. 
The  main  theme  of  the  paper,  however,  is  concerned  with  prediction 
techniques  and  tests  to  determine  whether  or  not  a  ship  is  directionally 
stable  rather  than  the  handling  qualities  themselves. 

The  papers  by  Dieudonne  4  present  another  valuable  tool  which  can 
be  utilized  in  assessing  handling  qualities.  Although,  the  spiral  was  first 
introducted  as  a  maneuver  which  could  be  used  to  qualitatively  determine 
whether  or  not  a  ship  is  directionally  stable,  it  now  appears  that  it  can  be 
quantitatively  interpreted.  The  author  in  fact  suggests  that  the  results 
of  such  maneuvers  could  be  used  quantitatively  to  indicate  the  ease  of 
steering  a  ship. 

Recent  papers  by  the  Japanese,  presumably  dealing  with  steering  and 
turning  qualities  of  ships,  5,6  are  concerned  primarily  with  analysis  and 
prediction  techniques  rather  than  the  establishment  of  handling  quality 
criteria. 

Within  the  past  three  years,  there  has  been  a  concerted  effort  directed 
toward  the  development,  of  techniques  and  the  accumulation  of  data  for  the 
purpose  of  establishing  handling  quality  criteria  for  submarines.  Naturally, 
this  information  is  contained  in  classified  reports.  The  concepts  and 
techniques  which  have  been  developed  are,  in  many  cases,  applicable  to  the 
surface  ship  problem,  and  in  fact,  were  utilized  in  forming  the  underlying 
philosophy  of  this  paper.  Thu*  it  can  be  said  at  the  present  time,  that 
the  approach  to  the  problem  is  reasonably  understood.  The  task  that  re¬ 
mains  is  to  utilize  this  approach  to  collect  sufficient  data  to  support  a 
system  for  rating  the  handling  qualities  of  surface  ships. 

It  is  of  interest  to  observe  the  progress  made  in  the  allied  field  of 
handling  quality  criteria  for  aircraft.  A  recent  paper  prepared  by  the 
North  Atlantic  Treaty  Organization  Advisory  Group  for  Aeronautical  Re¬ 
search  makes  the  following  statements  concerning  handling  qualities  of 
aircraft  :7 
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"Between  these  early  days  and  the  early  years  of  the  forties,  handling 
qualities  were  pretty  generally  subject  to  the  judgment  or  whims  of  the 
individual  designer  or  project  pilot.  The  artistic  aspect  of  configuration 
design  was  prevalent.  Even  today  vestiges  of  this  artistic  approach  are 
present  in  one  or  two  companies  in  the  United  States.  In  the  latter  years 
of  this  period,  an  all-encompassing  statement  appeared  in  the  U.  S.  Army 
Air  Force  designer's  handbook. that  the,  stability  and  control  characteristics 
should  be  satisfactory." 

"The  modern  concept  of  handling  qualities  requirements  began  with 
the  collection  and  codification  of  data  that  resulted  in  the  publication  of  an 
NACA  report  by  Gilruth  in  1943.  Issuance  of  Gilruth's  report  was  followed 
shortly  by  the  first  set  of  Air  Force  requirements,  C-1815." 

"The  basic  questions  that  these  specifications  seek  to  detail  is,  "What 
will  pilots  tolerate"?  To  some  degree  and  for  certain  requirements  the 
specifications  reflect  the  question  "What  ao  pilots  like"?  It  has  been  a 
common  misconception  to  interpret  the  specifications  as  design  points 
rather  than  minimum  tolerable  points.  This  has  been  the  source  of  poor 
characteristics  for  certain  aircraft." 

"It  has  been  proposed  that  numbers  be  established  for  what  is  really 
desired,  but  generally  this  has  not  been  done  as  yet." 

It  may  be  gleaned  from  the  foregoing  excerpts  that  progress  with 
handling  qualities  of  surface  ships  has  been- more  or  less  paralleled  by 
progress  with  handling  qualities  of  aircraft.  The  aircraft  people  appear 
to  have  started  attacking  the  problem  earlier,  but  their  present  state  of 
development  is  still  far  from  being  an  exact  process.  The  Society  of  Naval 
Architects  and  Marine  Engineers  took  its  first  official  step  in  the  field  of 
stability  and  control  of  ships  by  establishing  the  H-10  Controllability  Panel 
in  oc;5.  One  of  the  primary  functions  of  this  panel  is  to  encourage  re¬ 
search  and  collect  data  on  the  handling  qualities  of  surface  ships. 


CONCEPT  OF  DEFINITIVE  MANEUVERS 

The  term  "definitive  maneuvers"  has  been  adopted  to  describe  a 
class  of  maneuvers  designed  solely  to  reveal  objective  or  numerical  measures 
of  specific  handling  qualities.  Some  of  these  maneuvers  may  resemble 
operational  maneuvers.  It  is  highly  desirable  if  this  is  the  case  since  the 
numerical  measures  derived  from  the  definitive  maneuver  will  then  have 
a  more  direct  significance  to  the  operator.  There  are  two  general  types 
of  definitive  maneuvers,  those  which  define  inherent  qualities  of  a  ship  re¬ 
sulting  from  its  hydrodynamic  design  and  are  independent  of  the  man  or 
control  mechanisms  in  the  loop;  and  those  which  define  qualities  associated 
with  the  complete  ship-control  system  and  are  dependent  on  the  responses 
of  the  man,  automatic  control  equipment,  and  control  linkages  in  the  loop. 
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Maneuvers  which  define  inherent  qualities  are  considered  preferable 
because  they  directly  provide  specific  numerical  measures  from  a  single 
maneuver  of  a  given  type.  Also,  these  measures  are  indicative  of  the 
maximum  potentialities  of  the  ship  system  without  qualification  as  to  the 
efficiency  of  the  operator  in  executing  the  maneuver.  On  the  other  hand, 
maneuvers  which  define  qualities  associated  with  the  complete  system  are 
much  more  cumbersome  and  time  consuming.  Such  a  maneuver  must  be 
repeated  many  times  with  several  operators,  possessing  varying  degrees 
of  skill,  to  furnish  data  which  then  must  be  statistically  analyzed  to  ob¬ 
tain  the  desired  figures  of  merit.  Nevertheless,  there  are  cases  where  the 
latter  type  of  maneuver  must  be  used  if  certain  handling  qualities  are  to 
be  directly  manifested. 

The  qualities  associated  with  course -keeping  are  illustrative  of  a 
case  where  the  statistical  approach  might  be  used.  These  qualities  result 
from  an  interplay  between  the  ship  system  consisting  of  the  man  or  auto¬ 
matic  control,  the  directional  stability  of  the  ship,  the  rudder  effectiveness, 
and  the  control  mechanism  characteristics,  and  the  external  disturbances 
provided  by  currents,  *wind,  and  waves.  Since  the  whole  ship  system  is 
involved,  appropriate  numerical  measures  can  be  obtained  only  by  con¬ 
ducting  statistical-type  course-keeping  maneuvers. 

Numerical  measures  pertaining  to  the  inherent  directional  stability  of 
a  ship  can  be  simply  obtained  b>  /conducting  a  single  spiral  maneuver  of 
the  type  attributable  to  Dieudonn£.  4  Thus,  if  it  is  assumed  that  the  ship 
with  the  best  directional  stability  characteristics  potentially  will  have  the 
best  course -keeping  qualities,  the  numerical  measures  from  the  spiral 
maneuver  can  be  used  in  lieu  of  those  from  the  statistical  course-keeping 
maneuver.  Up  to  the  present  time,  it  has  been  necessary  to  make  this 
assumption  since  most  full-scale  surface  ships  have  not  been  available  for 
properly  conducted  cour se -keeping  tests.  The  only  other  alternative  for 
providing  course-keeping  data  would  be  to  use  simulator  techniques  similar 
to  those  used  to  evaluate  performance  of  submarines.  Unfortunately, 
neither  hydrodynamic  data  nor  well-developed  techniques  are  available  yet 
to  support  such  studies  with  surface  ships. 

To  gain  a  fuller  appreciation  of  the  concept  and  purpose  of  definitive 
maneuvers,  it  is  helpful  to  temporarily  forget  the  existence  of  other 
analytical  methods  and  detailed  approaches  used  to  solve  stability  and  control 
problems.  If  this  is  done  it  can  be  readily  seen  that  the  end  product  de¬ 
sired  from  stability  and  control  studies  points  to  those  kinds  of  handling 
qualities  that  are  of  interest  to  the  ship  operators.  Furthermore,  the 
emphasis  should  be  on  treating  these  qualities  in  a  quantitative  sense  if 
there  is  to  be  any  hope  of  achieving  progressive  improvements  on  future 
ships.  As  a  mrtter  of  orientation,  it  is  desirable  to  consider  descriptively 
the  kinds  of  qualities  of  interest.  The  following  is  a  list,  which  is  by  no 
means  all-inclusive,  of  kinds  of  handling  qualities  that  the  operators  should 
reasonably  expect  from  a  surface  ship: 
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1.  The  ability  to  maintain  course  with  a  small  amount  of 
heading  error,  course  error,  and  rudder  activity 

2.  The  ability  to  initiate  a  course  change  rapidly 

3.  The  ability  to  check  a  course  change  rapidly  with  small 
overshoots  in  heading  angle  and  width  of  path 

4.  The  ability  to  execute  an  efficient  steady -turning  maneuver 
with  small  tactical  diameter,  advance,  and  transfer 

5.  The  ability  to  accelerate  and  decelerate  rapidly  yet  re¬ 
taining  good  control 

6.  The  ability  to  maneuver  in  and  out  of  harbors  ahead  and 
astern  at  slow  speeds  without  tug  assistance. 

The  quantitative  measures  obtained  from  definitive  maneuvers  which 
are  used  to  describe  qualities  of  the  kinds  given  in  the  foregoing  list  are 
discussed  in  the  next  section.  It  is  pertinent  to  the  concept  of  definitive 
maneuvers,  however,  that  such  numbers  be  expressed  dimensionally  in 
terms  of  real  time  and  distance.  In  this  manner,  the  numbers  can  be 
maintained  within  the  perspective  of  the  operators.  In  addition,  they  will 
serve  as  a  better  basis  for  specifications  since  they  can  be  checked 
directly  in  acceptance  trials.  If  it  is  desired,  however,  to  utilize  these 
numbers  in  analyses  involving  different-sized  ships,  the  dimensional  values 
can  be  converted  into  nondimensional  ones  by  the  use  of  appropriate  normal¬ 
izing  factors . 

On  the  bas's  of  the  preceding  considerations,  a  given  maneuver  can 
be  classified  as  a  definitive  maneuver  if  it  has  the  following  characteristics: 

1.  It  can  actually  be  performed  by  a  full- scale  ship  and  is 
not  merely  a  laboratory  or  analytical  response  technique. 

2.  It  has  salient  features  which  can  be  expressed  as  quantitative 
measures  of  specilic  handling  qualities  of  the  type  that  lead 
to  objective  standards  and  finally  to  specifications  which 
must  be  met  prior  to  the  acceptance  of  a  ship. 

3.  If  possible,  it  should  accomplish  its  purpose  with  a  minimum 
of  specialized  instrumentation  and  without  using  a  dispro- 
nortionute  amount  of  full-scale  trial  time. 
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DESCRIPTION  OF  SELECTED  MANEUVERS 


A  wide  variety  of  maneuvers  have  been  used  in  the  past  as  definitive 
maneuvers  and  others  might  conceivably  be  used  in  the  future.  Obviously, 
many  of  these  maneuvers  involve  similar  modes  of  performance  and  to 
this  extent  overlap  each  other  in  defining  certain  types  of  handling  qualities. 
Consequently,  in  selecting  standard  definitive  maneuvers,  one  can  go  from 
one  extreme  by  considering  too  few  maneuvers  and  perhaps  overlooking 
some  important  handling  qualities  to  the  other  extreme  by  utilizing  too 
many  and  thus  overburden  trial  schedules  and  produce  excessive  amounts  of 
data.  In  the  present  stage  of  development  of  handling  quality  criteria,  the 
conservative  approach  would  be  to  select  more  instead  of  less  than  the  re¬ 
quired  minimum  number  of  representative  maneuvers.  In  this  manner, 
there  would  be  less  risk  of  overlooking  some  handling  qualities  that  might 
become  important  in  the  future  and  the  opportunity  to  conduct  trials  on  a 
given  ship  may  not  again  present  itself.  In  any  event,  the  number  of  ma¬ 
neuvers  conducted  on  any  given  set  of  trials  will  be  compounds  I  by  the  range 
of  speeds  (forward  and  backing)  as  well  as  other  pertinent  conditions,  A 
thorough  coverage  of  operational  conditions  should  be  considered  in  estab¬ 
lishing  handling  quality  criteria.  It  is  unwise  at  this  stage  of  development 
to  place  too  much  credence  on  handling  qualities  of  a  single  type.  This 
point  has  been  confirmed  by  recent  experiences  with  naval-type  surface 
ships.  For  years,  the  maneuverability  of  naval  ships  was  evaluated  solely 
on  basis  of  steady-turning  tests.  However,  within  the  last  few  years  it  was 
found  that  some  of  the  ships  which  had  excellent  turning  characteristics  had 
poor  and,  at  least  in  one  case,  unacceptable  directional  stability  character¬ 
istics.  As  the  result  of  these  findings,  spiral  tests  to  define  directional 
stability  characteristics  have  now  become  as  standard  with  naval  ships  as 
the  traditional  turning  tests. 

The  development  of  facilitie s,  instrumentation,  and  techniques  which 
are  necessary  for  detailed  treatment  of  the  subject  of  stability  and  control 
of  surface  ships  has  been  relatively  slow.  In  addition,  full-scale  surface 
ships  have  been  made  available  for  only  limited  programs  to  evaluate  ma¬ 
neuverability.  Consequently,  whatever  data  are  available  have  been  ob¬ 
tained  from  essentially  three  types  of  definitive  maneuvers,  spirals, 
overshoots,  and  turning  circles.  Each  of  these  three  types  of  maneuvers 
are  discussed  in  terms  of  the  purpose  of  the  maneuver,  the  procedure  fol¬ 
lowed  in  carrying  out  the  maneuver,  the  numerical  measures  derived  from 
it,  and  the  significance  of  the  numerical  measures. 

SPIRALS 

The  spiral  is  a  definitive  maneuver  which  is  intended  to  provide  quan- 
itative  measures  of  the  inherent  directional  stability  characteristics  of  a 
ship.  These  characteristics  can  be  used  to  impute  course-keeping  poten¬ 
tialities.  The  maneuver  can  be  conducted  in  a  variety  of  ways  with  full-scale 
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ships,  free -running  models,  and  analog  computers  utilizing  hydrodynamic 
force  and  moment  data  derived  from  captive  model  tests.  An  attractive 
feature  of  the  maneuver  for  full-scale  tests  is  that  it  can  usually  be  car¬ 
ried  out  with  the  ship's  own  instrumentation.  The  basic  maneuver,  which 
can  be  carried  out  when  sea  room  is  not  at  a  premium,  is  conducted  as 
follows: 


1.  The  propeller  speed  is  adjusted  to  an  rpm  corresponding 
to  a  predetermined  speed  (either  ahead  or  astern).  Once 
a  steady  rpm  is  achieved,  the  throttle  settings  are  not 
changed  for  the  balance  of  the  maneuver. 

2.  The  rudder  is  manipulated  as  necessary  until  a  "practically" 
straight  course  has  been  obtained  and  held  for  one  minute. 

3.  The  rudder  is  then  deflected  to  about  15  degrees  right 
and  held  until  the  rate  of  change  of  heading  as  indicated 
by  the  gyro  compass  and  a  stop-watch  remains  constant 
for  one  minute.  The  rudder  angle  is  then  decreased  by 

5  degrees  and  held  again  until  the  rate  of  change  of  heading 
remains  constant  for  one  minute.  The  procedure  is  re¬ 
peated  until  the  rudder  has  covered  a  range  of  from  15  de¬ 
grees  on  one  side  to  15  degrees  on  the  other  side  and  back 
again  to  20  degrees  on  the  first  side.  For  5  degrees  on 
either  side  of  zero  or  neutral  rudder  angle,  the  intervals 
are  taken  in  one  degree  steps. 

The  numerical  measures  obtained  from  the  spiral  maneuver  are  the 
steady  rates  of  change  of  heading  versus  rudder  angles.  A  plot  of  these 
variables  is  indicative  of  the  inherent  characteristic s-of  the  ship.  If  the  plot 
is  a  single  continuous  curve  going  from  right  rudder  to  left  rudder,  as  shown 
in  Figure  la,  the  ship  is  said  to  be  directionally  stable.  If,  however,  the 
plot  consists  of  two  branches  joined  together  to  form  a  "hysteresis"  loop, 
as  shown  in  Figure  lb,  the  ship  is  said  to  be  directionally  unstable.  In 
addition,  the  size  of  the  loop  (height  and  width)  can  be  used  as  a  numerical 
measure  of  the  degree  of  instability;  the  larger  the  loop,  the  more  unstable 
the  ship.  The  width  of  the  loop  is  also  a  fairly  direct  indication  of  probable 
course-keeping  ability  since  it  defines  the  envelope  of  rudder  angles  which 
must  be  employed  to  keep  the  ship  from  swinging  from  port  to  starboard. 
Unfortunately,  the  spiral  technique  as  presently  used  does  not  define  the 
degree  of  stability  for  stable  ships.  The  slope  of  the  rate  curve  at  the 
origin  seems  to  be  indicative  of  degree  of  stability'  for  directionally  stable 
ships.  Also,  the  time  required  for  the  turning  rate  to  decrease  to  zero 
when  the  rudder  is  returned  to  zero  or  neutral  angle  may  provide  a  numerical 
measure  of  degree  of  stability.  Further  analysis  of  these  techniques  is  re¬ 
quired  to  establish  these  relationships,  however,  and  it  may  develop  that  a 
supplementary  definitive  maneuver  may  be  needed  in  the  case  of  directionally 
stable  ships. 
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(a)  Stable  Ship  (b)  Unstable  Ship 

Figure  1  -  Typical  Curves  from  Spiral  Maneuvers 


OVERSHOOT 

The  overshoot  is  a  definitive  maneuver  which  is  intended  to  provide 
quantitative  measures  of  the  inherent  effectiveness  of  the  rudder  in 
making  changes  in  heading  or  width  of  path.  The  kinds  of  handling  qualities 
revealed  by  this  maneuver  are  typified  by  the  ability  to  initiate  course 
changes  and  ability  to  check  course  changes  during  transient  maneuvers. 
The  maneuver  can  be  conducted  with  full-scale  ships,  free- running  models, 
and  analog  computers.  The  numerical  measures  pertaining  to  the  heading 
changes  can  be  obtained  with  the  ship's  own  instrumentation.  Numerical 
measures  associated  with  width  of  path,  however,  will  require  either  much 
more  elaborate  equipment  than  is  generally  available  for  most  ships  or 
testing  on  a  range  with  triangulation  facilities. 

The  overshoot  maneuver  is  shown  diagrammatically  in  Figure  ?. .  It 
can  be  seen  that  if  the  maneuver  is  continued  through  several  cycles  it 
results  in  the  well-known  zig-zag  maneuver.  ‘  typical  procedure  for  con¬ 
ducting  overshoot  tests  is  as  follows: 
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Figure  2  -  Diagram  of  Overshoot  Maneuver 


1  .  The  propeller  speed  is  adjusted  to  an  rpm  corresponding 
to  a  predetermined  speed  and  when  a  steady  rpm  is 
achieved,  the  throttle  settings  are  not  changed  for  the 
balance  of  the  maneuver. 

2.  The  rudder  is  manipulated  as  necessary  until  a  "practically" 
straight  course  has  been  obtained  and  held  for  one  minute. 

3.  After  steady  conditions  on  straight  course  have  been 
established,  the  initial  heading  shown  on  the  ships  gyro 
compass  is  noted.  The  rudder  is  then  deflected  at  maximum 
rate  to  a  predetermined  angle,  say  20  degrees,  and  held 
until  a  predetermined  execute  change  of  heading  angle,  say 
20  degrees,  is  reached. 

4.  At  this  point,  the  rudder  is  deflected  at  maximum  rate  to 
an  opposite  (checking)  angle  of  20  degrees  and  held  until 
the  ship  passes  through  its  initial  course. 

5.  If  a  zig-zag  is  to  be  completed,  the  maneuver  is  continued 
until  a  second  execute  of  20  degrees  to  the  other  side  is 
reached.  Whereupon,  the  rudder  is  again  deflected  rapidly 
to  an  angle  of  20  degrees  in  the  first  direction.  This  cycle 
is  repeated  through  3rd  and  4th  executes  and  so  on. 

The  primary  numerical  measures  obtained  from  the  overshoot  maneuver 
are  the  time  to  reach  execute  change  of  heading  angle,  overshoot  heading 
angle,  and  overshoot  width  of  path.  The  zig-zag  maneuver  provides  the 
additional  measures  of  reach  and  period  which  are  perhaps  more  significant 
for  frequency  response  analyses  than  establishment  of  handling  qualities. 


The  time  to  reach  execute  is  a  direct  numerical  measure  of  ability  to  rapidly 
initiate  changes  in  course.  The  heading  and  path- width  overshoots  are 
measures  of  cour se- checking  ability  and  are  indicative  of  the  amount  of 
anticipation  and  latitude  of  error  that  the  helmsman  is  permitted  if  he  is 
to  remain  within  tolerable  limits  of  the  maneuver. 

TURNING  CIRCLES 

The  turning  circle  is  a  definitive  maneuver  which  is  intended  to  pro¬ 
vide  quantitative  measures  of  the  effectiveness  of  the  rudder  in  producing 
steady-turning  characteristics.  The  turning  circle  is  the  oldest,  most 
familiar,  and  most  widely  used  of  the  definitive  maneuvers.  The  handling 
qualities  defined  by  this  maneuver  are  generally  considered  to  be  more 
important  to  naval  than  most  sea-going  merchant  ship  applications.  The 
maneuver  can  be  conducted  with  full-scale  ships,  free-running  models,  and 
ultimately  with  analog  computers.  As  with  the  other  maneuvers,  some  of 
the  desired  numerical  measures  can  be  obtained  with  the  ship's  own  instru¬ 
mentation  in  open  sea.  However  measures  pertaining  tc  path  data  will  re¬ 
quire  either  much  more  elaborate  ship-borne  equipment  or  testing  on  a 
range  with  triangulation  facilities. 

Although  the  turning  circle  maneuver  is  familiar  to  most  naval  architects, 
it  is  shown  diagrammatically  in  Figure  3  for  purposes  of  completeness.  The 
standard  procedure  for  the  conduct  of  such  maneuvers  is  as  follows: 


Figure  3  -  Diagram  of  Turning  Circle  Maneuver 
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1.  The  propeller  speed  is  adjusted  to  an  rpm  corresponding 
to  a  predetermined  speed  and  when  a  steady  rpm  is 
achieved,  the  throttle  settings  are  not  changed  for  the 
balance  of  the  maneuver. 

2.  The  rudder  is  manipulated  as  necessary  until  a  "practically" 
straight  course  has  been  obtained  and  held  fpr  one  minute. 

3.  After  steady  conditions  on  straight  course  have  been 
established,  the  initial  heading  on  the  ship's  gyro  compass 
is  noted.  The  rudder  is  then  laid  to  a  predetermined  angle, 
say  35  degrees,  and  held  until  a  cha.nge  of  heading  of 
generally  at  least  540  degrees  has  occurred  at  which  point 
the  maneuver  is  terminated. 

The  numerical  measures  obtained  from  the  turning  circle  tests  are 
the  tactical  and  steady -turning  diameter,  advance,  transfer,  times  to  change 
heading  90  and  180  degrees,  and  loss  of  speed  in  turning.  All  of  these 
measures  should  be  taken  into  consideration  in  defining  handling  qualities 
associated  with  this  type  of  maneuver. 

NUMERICAL  MEASURES  FOR  VARIOUS  SHIPS 

It  has  not  been  common  practice  in  this  country  to  carry  out  either  full- 
scale  maneuvering  trials  or  model  tests  to  evaluate  handling  qualities  of 
commercial  ship  types.8  In  fact,  it  has  only  been  in  recent  years  that  naval 
ship  types  have  been  tested  to  evaluate  handling  qualities  other  than  those 
associated  with  turning  circles.  Consequently,  there  is  only  a  limited 
amount  of  such  data  in  existence.  Furthermore,  due  to  classification  re¬ 
strictions,  only  a  small  amount  of  the  existing  data  is  available  for  general 
publication.  It  is  hoped,  therefore,  that  enough  interest  in  the  problem  will 
be  generated  to  encourage  ship  owners  to  carry  out  the  necessary  tests 
with  existing  and  new  ships  and  thus  contribute  to  the  general  fund  of  data 
on  handling  qualities  of  surface  ships. 

The  geometrical  characteristics  and  numerical  measures  obtained 
from  definitive  maneuvers  of  unclassified  ships  that  have  been  tested  by 
the  David  Taylor  Model  Basin  are  given  in  Tables  1  and  2,  respectively. 

It  may  be  noted  that  all  values  are  given  dimensionally  to  preserve  their 
significance  to  the  operators  and  thus  comply  with  the  concept  outlined  earlier 
in  this  paper.  Sufficient  data  are  given,  however,  to  allow  those  who  pre¬ 
fer  to  make  an  analysis  on  basis  of  nondimensional  coefficients  or  ratios 
to  do  so.  The  designations  A,  B,  C,  etc.,  indicate  the  various  different 
ships.  Upper  case  letters  are  used  when  the  data  have  been  obtained  from 
full-scale  trials.  Lower  case  letters  are  used  when  the  data  have  been 
derived  from  free-running  model  tests. 
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The  numerical  measures  in  Table  2  are  derived  from  the  spiral, 
overshoot,  and  turning  circle  maneuvers.  The  measures  associated  with 
the  spiral  maneuver  are  the  maximum  variation  of  steady  heading  rate 
at  zero  or  neutral  angle  (height  of  hysteresis  loop)  and  maximum  variation 
of  rudder  angle  at  zero  steady  heading  rate  (width  of  loop).  For  directionally 
stable  ships,  both  of  these  quantities  become  zero  and  beyond  this  point 
there  is  no  further  indication  of  "degree"  of  stability.  The  overshoot  ma¬ 
neuvers  are  essentially  zig-zag  maneuvers  conducted  either  with  rudder 
angles  of  ±  20  degrees  and  execute  heading  angles  of  ±  20  degrees  or  rudder 
angles  of  ±  10  degrees  and  execute  heading  angles  of  ±  10  degrees.  The 

former  are  considered  to  be  more  preferable  for  defining  course  -  changing 
ability;  the  latter  are  directly  comparable  with  Kempf's  data.  The  measures 
taken  during  the  first  half  cycle  of  the  maneuver,  namely  time  to  reach 
execute  and  overshoot  heading  angle  are  considered  to  be  most  significant. 
However,  the  reach  which  is  the  time  to  complete  the  first  half  cycle  of  the 
heading  trajectory  and  the  period  which  is  the  time  to  complete  succeeding 
whole  cycles  are  also  listed  for  comparative  purposes.  The  numerical 
measures  taken  from  the  turning  circle  maneuver  are  the  tactical  diameter, 
advance,  transfer,  time  to  reach  90  degrees  change  of  heading,  time  to 
reach  180  degrees  change  of  heading,  and  loss  of  speed  after  180  de¬ 
grees  change  of  heading.  For  any  of  the  foregoing  measures,  the  best 
performance  is  characterized  by  the  lowest  value.  However,  some  of  the 
qualities  have  a  tendency  to  be  conflicting  and,  therefore,  it  may  not  be 
possible  for  a  given  ship  to  have  all  of  the  lowest  numbers  among  a  com¬ 
parable  group  of  ships. 

It  is  of  interest  to  examine  the  range  of  pertinent  handling  qualities 
among  the  existing  ship  types  that  have  been  evaluated.  This  can  b^  ac¬ 
complished  with  graphs  showing  the  individual  numerical  measures.  Data 
available  from  other  naval  ships  are  included  to  make  the  survey  as  repre¬ 
sentative  as  possible.  Since  these  data  are  classified,  they  are  not  identi¬ 
fied  or  related  to  specific  ships.  The  values  for  all  ships  considered 
have  been  corrected  to  correspond  to  a  500-foot  version  of  each  design  to 
retain  the  dimensional  characteristics  without  becoming  involved  in  other 
ramifications.  These  values  can  be  interpreted  as  applying  with  reasonable 
accuracy  to  ships  between  300  and  7  00  feet  in  length. 

The  numerical  measures  from  spiral  maneuvers  are  presented  by  the 
bargraphs  in  Figure  4.  To  simplify  the  graphs,  the  height  or  width  of  the 
hysteresis  loop  for  each  ship  was  averaged  over  a  range  of  ship  speeds 
between  5  and  20  knots.  The  bars  are  constructed  as  percentages  of  the 
total  number  of  the  ships  in  the  survey.  It  may  be  noted  that  more  than 
one -half  of  the  ships  are  directionally  stable.  Even  though  they  are  in  active 
service,  most  of  the  remaining  ships  have  characteristics  which  are  not 
considered  desirable  on  the  basis  of  the  standards  that  are  being  established. 
In  a  few  isolated  cases,  the  degree  of  directional  instability  is  so  great  that 
the  ships  are  difficult  and  hazardous  to  maneuver. 


229 


Figure  4  -  Bargraph  of  Numerical  Measures  from  Spiral  Maneuvers 


As  mentioned  earlier,  it  is  not  possible  to  assess  the  status  of 
maneuverability  of  commercial  ships.  It  may  be  reasonably  inferred, 
however,  that  they  will  generally  have  somewhat  poorer  handling  qualities 
than  comparable  naval  ships  since  their  operational  requirements  are  not 
usually  as  severe. 

Ships  which  have  no  loop  as  the  result  of  spiral  maneuvers  should 
have  good  course-keeping  ability.  Those  with  a  wide  loop  can  be  expected 
to  require  an  excessive  use  of  the  rudder  with  attendant  wear  and  tear 
on  the  steering  machinery  and  fatigue  of  the  helmsman.  In  addition,  the 
excessive  rudder  travel  will  probably  result  in  an  increase  in  resistance 
and  consequent  increase  in  fuel  consumption.  It  is  believed  that  the  fore¬ 
going  predictions  can  be  reasonably  inferred  from  the  spiral  results.  It 
would  be  desirable,  however,  to  have  course -keeping  data  for  corroboration. 

To  illustrate  the  consequences  of  a  high  degree  of  directional  insta¬ 
bility,  the  case  of  one  of  the  ships  studied,  a  twin-rudder  naval  auxiliary, 
may  be  considered.  On  the  basis  of  model  turning  tests,  the  ship  was 
expected  to  have  very  good  turning  characteristics.  Since  it  was  not  standard 
procedure  at  the  time,  model  maneuvering  tests  were  not  conducted.  Un¬ 
fortunately  after  the  ship  was  built,  it  exhibited  an  unhappy  facility  for 
running  aground  when  negotiating  a  channel  which  led  to  the  building  yard. 
Upon  delivery  to  the  Navy,  it  became  obvious  that  the  maneuvering  charac¬ 
teristics  of  the  ship  had  to  be  improved.  The  results  of  full-scale  spiral 
tests  indicated  a  hysteresis  loop  (for  a  500  ship)  which  was  0.82  degrees 
per  second  high  and  over  18  degrees  wide.  On  the  way  to  the  open  sea  area, 
it  was  noted  that  the  helmsman  habitually  used  ±15  degrees  rudder  angle 
for  normal  course -keeping  in  smooth  seas.  These  large  rudder  angles 
may  have  been  influenced  to  some  extent  by  the  lack  of  physical  exertion 
required  to  spin  the  wheel.  There  is  no  doubt,  however,  that  at  least  ±  10 
degrees  rudder  angle  was  necessary  to  maintain  course. 
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As  a  result  of  model  tests,  an  enlarged  skeg  was  designed  and  welded 
to  the  ship.  The  loop  was  reduced  to  0.26  degrees  per  second  high  and 
4.0  degrees  wide.  It  was  not  practicable  to  install  a  large  enough  skeg  to 
completely  eliminate  the  loop,  however,  the  resulting  performance  was 
sufficient  to  meet  the  operational  requirements  of  the  ship. 

The  numerical  measures  derived  from  overshoot  maneuvers  of  the 
various  ships  surveyed,  including  the  classified  naval  ships,  are  compared 
in  Figures  5  and  6.  The  values  in  the  figures  have  been  adjusted  to  cor¬ 
respond  to  500-foot  ships.  All  values  have  been  obtained  from  a  20-20 
overshoot  maneuver  and  consist  of  the  time  to  reach  20  degrees  execute 
change  of  heading  using  20  degrees  rudder  angle  and  overshoot  angle  using 
a  rudder  angle  of  20  degrees  to  check  the  swing. 


6  8  10  12  14  16  18  20 

Speed  m  knots 


Figure  5  -  Times  to  Reach  Execute  from  20-20  Overshoot  Maneuvers 


Speed  in  knots 

Figure  6  -  Overshoot  Angles  from  20-20  Overshoot  Maneuvers 
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The  envelopes  surrounding  the  spots  in  Figures  5  and  6  exhibit  con¬ 
siderable  spread  among  existing  ships  both  in  time  to  reach  execute  and 
overshoot  angle.  This  suggests  room  for  significant  improvements  in 
these  respects  and  should  serve  as  an  incentive  and  challenge  to  the  de¬ 
signers  . 

The  rapidity  with  which  a  turn  can  be  initiated  (time  to  reach  execute) 
appears  to  be  determined  primarily  by  the  effectiveness  of  the  rudder  in 
providing  turning  moment  to  the  ship.  On  the  basis  of  an  examination  of 
the  other  characteristics  of  the  ships  corresponding  to  the  spots  on 
Figure  5,  the  directional  stability  does  not  appear  to  influence  the  time  to 
reach  execute.  On  the  other  hand,  the  ships  with  greater  rudder  effective¬ 
ness  (those  with  rudders  in  the  propeller  race)  appear  to  grcup  themselves 
near  the  lower  bound  of  the  envelope  curve  for  time  to  reach  execute. 


Figures  7  and  8  illustrate  the  effects  of  control  effectiveness  and  di¬ 
rectional  stability  on  overshoot  characteristics.  Figure  7  shows  trajectories 
from  a  20-20  overshoot  for  two  comparable  naval  auxiliaries.  One  of  these 
ships  is  a  twin-screw  single- rudde  r  type.  The  other  is  a  single- screw 
single-rudder  type  with  its  rudder  in  the  propeller  slipstream.  The  latter 
is  about  40  feet  shorter  but  this  difference  in  length  is  not  considered  signil 
icant.  Although  the  twin-screw  ship  is  somewhat  unstable,  this  should  not 
affect  the  comparison  in  regard  to  time  to  reach  execute.  The  single  -  sc  rev; 
ship  reaches  20  degrees  execute,  (2)  in  Figure  7,  in  42  seconds  whereas  the 
twin-screw  ship  takes  56  seconds. 
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Figure  7  -  Overshoot  Trajectories  of  Two  Different 

Types  of  Naval  Auxiliaries 


Figure  8  -  Overshoot  Trajectories  of  Twin-Screw 
Twin  Rudder  Naval  Auxiliary  with  and 
without  Centerline  Skeg 
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Figure  11  -  Transfers  from  Turning  Circle  Maneuvers  with 

35  Degrees  Rudder 
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The  overshoot  angles  shown  by  Figure  6  appear  to  be  affected  both 
by  directional  stability  and  rudder  effectiveness.  It  is  difficult  to  say 
which  of  these  factors  has  the  strongest  influence  but  it  was  noted  that 
the  excessively  large-  overshoot  angles  were  always  obtained  with  the  ships 
that  had  a  high  degree  of  directional  instability.  For  example,  in  the  case 
of  the  twin-rudder  naval  auxiliary  whose  directional  instability  was  mark¬ 
edly  decreased  by  addition  of  a  skeg  but  whose  rudder  effectiveness  was 
essentially  unaltered,  the  overshoot  angle  was  reduced  from  about  28  to 
1  1  degrees . 

As  mentioned  earlier,  there  are  insufficient  data  available  on  over¬ 
shoot  width  of  path  because  of  inadequate  facilities  for  tracking.  The 
width  of  path  is  of  importance  to  the  ship  handler  who  is  concerned  with 
the  path  swept  by  the  ends  of  the  ship  in  checking  course  changes.  This 
is  particularly  true  in  restricted  waters  and  may  mean  the  difference  be¬ 
tween  damaging  the  ship  or  not.  it  is  hoped  that  data  of  this  type  will  be 
in  more  abundance  after  the  new  Maneuvering  and  Seakeeping  Facilities 
at  the  Taylor  Model  Basin  are  put  into  operation.  It  is  of  interest  at  this 
time  however,  to  examine  the  effects  of  excessive  directional  instability 
on  overshoot  width  of  path  for  the  case  of  the  naval  auxiliary  mentioned 
in  the  preceding  paragraph.  Figure  8  depicts  the  results  of  overshoot 
maneuvers  carried  out  with  free-running  models  of  the  alternative  designs 
using  an  execute  change  in  heading  of  about  10  degrees  with  rudder  angles 
±  35  degrees.  It  may  be  seen  that  the  overshoot  width  of  path  was  reduced 
from  about  175  to  65  yards  by  addition  of  the  skeg.  A  similar  overshoot 
test  utilizing  ±  20  degrees  rudder  was  attempted  with  the  highly  directionally 
unstable  ship  but  could  not  be  completed  within  the  width  of  the  basin. 

The  advantage  of  realizing  small  overshoots  can  also  be  seen'by 
refe-ence  to  Figure  7.  In  this  case,  the  total  width  of  path  changes  from 
400  to  190  yards  for  the  comparable  ships  performing  the  same  maneuver 
even  though  differences  in  directional  stability  are  not  too  great. 

The  numerical  measures  from  turning-circle  maneuvers  of  the  various 
ships  surveyed  are  shown  in  Figures  9  through  14.  Again,  the  comparisons 
are  made  on  the  basis  of  500-foot  ships.  These  figures  demonstrate  that, 
although  turning  circles  have  been  studied  more  intensively  than  other 
maneuvering  characteristics  there  is  still  a  wide  spread  in  turning  perfor¬ 
mance  among  existing  ship  types.  At  first  reaction,  it  appears  that  this 
can  be  explained  on  the  basis  of  the  different  operational  requirements  for 
the  various  ships.  The  supposition  may  be  made,  for  example,  that  the 
turning  performance  was  sacrificed  for  the  ships  that  must  have  excellent 
course-keeping  ability.  An  examination  of  the  various  handling  qualities 
among  the  ships  surveyed  does  not  support  this  contention.  In  fact,  so  me 
of  the  tightest  turning  ships  are  directionally  stable,  and  therefore,  should 
have  excellent  course-keeping  qualities  as  well.  Conversely,  some  of  the 
ships  with  the  largest  tactical  diameters  are  directionally  unstable  and 
should  exhibit  poor  cour se -keeping  qualities. 


In  the  past,  the  tactical  diameter  has  been  emphasized  as  the  primary- 
numerical  measure  of  the  effectiveness  of  a  ship  in  turning  circle  ma¬ 
neuvers.  It  has  been  at  least  tacitly  assumed  that  once  the  designer 
has  exe.rcised  latitude  in  favor  of  a  given  tactical  diameter,  the  values 
of  the  resulting  quantities  such  as  advance,  transfer,  times  for  heading 
changes,  and  speed  remaining  after  180  degrees  are  inevitable.9  It  is 
the  philosophy  of  this  paper  to  point  out  where  ultimate  refinements  are 
possible  rather  than  to  compress  the  data  into  a  rigid  mold.  Consequently, 
it  is  advocated  that  each  of  these  numerical  measures  be  scrutinized  to 
see  what  improvements  can  be  made  in  each  without  significantly  affecting 
the  others.  For  example,  if  a  comparison  is  made  on  the  basis  of  equal 
tactical  diameter,  it  can  be  readily  seen  that  among  the  ships  surveyed 
there  is  a  substantial  spread  in  the  values  of  advance,  times  for  heading 
changes,  and  speed  remaining  after  turning.  Thus,  there  is  evidence  that 
the  designer  has  some  control  over  all  of  these  qualities. 

TENTATIVE  HANDLING  QUALITY  CRITERIA 

The  numerical  measures  obtained' from  definitive  maneuvers  which 
have  been  presented  herein  constitute  a  relatively  small  sample  of  the 
handling  qualities  of  existing  ship  types.  Furthermore,  the  preponderant 
number  of  naval  ships  which,  of  a  necessity,  were  included  in  the  survey 
may  affect  interpretations  when  applied  to  merchant  ship  types.  There 
is  always  a  reluctance  to  make  definite  commitments  or  propose  finite 
numbers,  especially  when  a  field  of  endeavor  is  in  the  formative  stages. 
Nevertheless,  some  attempt  should  be  made  at  this  point  to  establish 
tentative  criteria  at  least  on  those  kinds  of  handling  qualities  covered  by 
this  paper.  This  may  at  ieast  have  the  effect  of  familiarizing  the  pro¬ 
fession  with  the  use  of  the  proposed  rating  system  so  that  objective 
standards  and  specifications  may  emerge  in  the  not-too-distant  future. 

It  is  fully  realized  that  there  are  definite  limitations  and  drawbacks 
to  establishing  criteria  from  insufficient  data.  It  is  hoped,  however,  that 
the  tentative  criteria  will  not  be  used  too  rigorously  at  this  time  as 
specifications  or  design  objectives  but  rather  as  guides  to  good  practices. 

In  general,  the  tentative  criteria  which  are  proposed  are  pessimistic  in  the 
sense  that  it  should  be  possible  to  do  better  when  more  detailed  knowledge 
on  the  stability  and  control  of  ships  becomes  available.  They  may  be 
optimistic,  in  the  sense  that  they  may  not  be  fully  realized  with  all  ship 
types  especially  where  the  governing  factors  lie  in  other  design  consider¬ 
ations.  In  all  cases,  however,  they  should  serve  as  guides  for  determining 
whether  the  price  to  be  paid  for  achieving  each  and  every  number  is 
reasonable  in  terms  of  the  overall  design. 

For  purposes  of  emphasizing  the  distinct  modes  of  performance,  the 
tentative  criteria  are  grouped  into  those  pertaining  primarily  to  steering, 
maneuvering,  and  turning. 
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STEERING 


In  absence  of  adequate  data  from  cou r se -ke eping  maneuvers  which 
could  provide  numerical  measures  of  rudder  activity,  heading-angle 
deviation,  and  path  deviation  while  maintaining  course  under  specified 
environmental  conditions,  spiral  maneuvers  may  be  employed  to  provide 
reasonable  measures  from  which  steering  qualities  may  be  inferred.  Com¬ 
plete  elimination  of  the  loop  from  the  spiral  is  advocated  in  all  cases  to  ob¬ 
tain  a  ship  which  is  inherently  directionally  stable  and  tends  to  return  to  a 
straight  path  after  a  disturbance-.  The  rudder  angle  is  thus  needed  only  to 
ensure  that  the  path  followed  is  on  the  desired  course.  As  pointed  out 
earlier,  there  is  a  unique  turning  velocity  associated  with  any  given  rudder 
angle  for  stable  ships  whereas  for  unstable  ships  the  direction  the  ship  will 
turn  is  unpredictable  within  the  bounds  of  the  loop. 

If  it  is  not  practicable  to  eliminate  the  loop  entirely,  every  effort 
should  be  made  to  minimize  both  the  height  and  width  of  the  loop  by  suitable 
design  of  rudders  and  stabilizing  surfaces.  Any  new  design  having  a  loop 
height  exceeding  0.2  degrees  per  second  (for  a  500-foot  ship)  and  a  width 
exceeding  4  degrees  should  be  examined  very  critically. 

MANEUVERING 

The  ability  to  initiate  and  check  moderate  changes  in  course  is  one  of 
the  most  important  handling  qualities  of  ships.  The  20-20  overshoot  ma¬ 
neuver  provides  an  excellent  measure  of  the  inherent  maneuvering  ability 
of  the  ship.  Two  tvpes  of  criteria  for  maneuvering  are  suggested,  one  for 
initial  turning  movement  and  the  other  for  overshoot.  On  the  basis  of  the 
20-20  overshoot  maneuver  a  50')-foot  ship  should  reach  execute  heading 
angle  in  65  seconds  at  8  knots  and  36  seconds  at  16  knots.  The  nomograph 
in  Figure  15  is  provided  to  show  criteria  for  sizes  of  ships  between  the 
range  of  300  feet  and  700  feet  in  length  and  6  to  20  knots  in  speed. 


Figure  15  -  Nomograph  of  Criteria  for  Time  to  Change  Heading  in  a 

20-20  Overshoot  Maneuver 
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The  overshoot  angle  does  not  vary  with  size  of  ship  hence  a  nomograph 
similar  to  that  for  initial  turning  movement  is  not  necessary.  Overshoot 
angles  of  5 . 5  degrees  for  8  knots  and  8.5  degrees  for  16  knots  are  sug¬ 
gested  as  tentative  criteria.  Straightline  interpolations  for  other  speeds 
may  be  used  as  required. 

TURNING 

It  is  unrealistic  to  expect  merchant  ships  to  turn  as  tightly  as  com¬ 
batant  types  of  naval  ships.  Most  of  such  modern  naval  ships  strive  for 
tactical  diameter  ratios  of  3.25  ship-lengths  or  less  with  35  degrees  rud¬ 
der  angle.  It  is  believed,  therefore,  that  a  tactical  diameter  ratio  of  4.5 
ship-lengths  is  a  practicable  criterion  for  merchant  types  and  represents 
good  handling  performance  objectives.  Tactical  diameters  exceeding 
7.0  ship-lengths  reflect  poor  performance  qualities  and  should  be  tolerated 
only  under  special  conditions  or  requirements. 

In  dimensional  terms  the  criteria  for  tactical  diameter  and  advance 
for  various- sized  me  r  chant  -  type  ships  are  shown  in  Table  3  for  speeds  of 
8  and  16  knots  using  a  rudacr  angle  of  35  degrees. 


TABLE  3 
Turning  Criteria 


Ship 


Tactical 


Length  !  Diameter 


feet 


yards 


Advance 

yards 


Time  to  Change 
Heading 
1 80  degrees 
seconds 


— 

8  knots 

16  knots 

8  knots 

16  knots 

300 

450 

335 

207 

122 

5 

1 

10 

450 

270 

152 

5 

10  I 

500 

750 

560 

325 

185 

5 

1 

10 

900 

670 

377 

217 

5 

10 

700 

1050 

785 

428 

250 

5 

10 

Speed  Remaining  After 
Changing  Heading 
1 80  degrees 
knots 


RECOMMENDATIONS  FOR  FUTURE  STUDIES 


The  advent  of  new  and  improved  facilities  such  as  the  Rotating  Arm 
and  Maneuvering  and  Seakeeping  Basins  at  the  Taylor  Model  Basin  should 
provide  a  stimulus  for  attacking  problems  in  the  stability  and  control  of 
surface  ships  which  have  been  neglected  for  centuries.  With  such  facilities 
and  the  attendant  advances  that  have  been  made  in  instrumentation  and  test 
techniques,  it  should  be  possible  to  study  handling  qualities  much  more 
intensively  than  has  been  done  in  this  paper.  Accordingly,  it  is  recom¬ 
mended  that  a  concerted  effort  be  made  to  prevail  upon  the  ship  ovTiers, 
shipbuilders,  and  model  basins  to  accumulate  data  from  definitive  ma¬ 
neuvers,  particularly  on  merchant  ship  types.  Such  definitive  maneuvers 
should  not  only  be  of  the  type  contained  herein  but  should  be  designed  to 
reveal  the  handling  qualities  of  ships  when  subjected  to  the  effects  of 
environment,  restricted  channels,  acceleration  and  deceleration,  and  other 
unusual  circumstances. 

It  is  further  recommended  that,  concurrent  with  the  effort  to  gain  a 
firmer  understanding  of  the  status  of  handling  qualities  of  existing  ships, 
programs  should  be  formulated  with  the  purpose  of  achieving  optimum 
handling  qualities.  Such  studies  can  be  carried  out  best  in  the  model  basins 
utilizing  research  designs  where  the  emphasis  will  be  on  optimum  stability 
and  control  to  the  exclusion,  if  necessary,  of  other  characteristics.  The 
advantage  of  utilizing  such  an  approach  is  that  the  work  can  proceed  with 
an  understanding  that  the  ship  actually  need  not  be  built.  It  should  be 
possible  on  this  basis  to  determine  what  improvements  in  handling  qualities 
arc  in  store  for  ships  provided  that  concessions  to  other  requirements  do 
not  have  to  be  made.  In  this  manner,  the  various  points  of  diminishing 
returns  can  be  defined  with  reasonable  clarity. 

Once  it  is  known  how  good  the  various  handling  qualities  can  be,  the 
designer  will  be  in  a  much  better  position  to  make  decisions  as  to  what 
compromises  he  is  willing  to  make.  It  then  remains  to  provide  him  with 
the  fundamental  hydrodynamic  data  and  other  design  criteria  to  help  him 
achieve  his  predetermined  end  result. 
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1.  DEFINITION  OF  ADDED  MASS  AND  THE  EFFECT  OF 
FREE  SURFACE  ON  THE  ADDED  MASS 


1.1  DEFINITION  OF  ADDED  MASS 

It  is  well  known  the  when  a  floating  body,  like  a  ship,,  is  moving  in  a  fluid,  its  motion 
has  a  character  appreciably  different  from  that  of  the  motion  in  a  vacuum,  due  to  the  virtual 
mass  effect. 

Different  definitions  are  given  to  this  virtual  increase  of  the  mass,  or  added  mass;  namely 

a)  Added  mass  m  as  defined  from  the  difference  between  the  moment  of  inertia  in  a  vacuum 
mv  and  that  in  a  fluid  (/«  +  m  )  v: 

b)  \ddod  mass  m"  as  defined  from  the  difference  between  the  period  of  oscillation  in  a 
vacuum  dr  \f  m/k  and  that  in  a  fluid  2  n\J(">  +  //<')  ,'k\ 

v)  Added  mass  m"  as  defined  from  the  difference  between  the  momentum  in  .a  vaeumm  mv 
an  I  that  in  a  fluid  (m  ->  n  "  )  n; 

d)  \d  led  mass  //('"as  defined  from  the  difference  between  the  kinetic  energy  in  a  vacuum 
1  ,  1 

—  mv  and  that  in  a  fluid  —  («  +  m"')  r  ;  etc. 

2  2 

The  added  masses  b.ase'd  upon  these  different  definitions  do  not  always  coincide1  with 
each  other,  except  in  the  e-a-*1  of  the  motion  in  an  ideal  fluid  without  free  surface;  therefore  a 
value  of  the  added  mass  by  one1  elefinit ion  cannot  be  use  el  as  the-  value1  eif  a  Ideal  mass  by  ot he>r 
definitions. 1  \ <•  cord i n«z ly .  in  developing  the1  equation  of  motion  ol  ships,  jt  i-;  ne'ce'ssar1.'  in 

ieuermine  first  of  all  which  definition  of  the  adeletl  mass  e>r  aeleleel  moment  ejf  inertia  should  be1 
used. 

1.2  EFFECT  OF  FREE  SURFACE 

Since  the  free  surface  has  (he  greatest  effect  on  the  addl’d  mass,  (.he  effect  of  free1  sur¬ 
face  should  be  considerne-d  first. 

It  has  been  disclosed  that  the  effect  of  fre'e1  surface1  on  the  added  mass,  when  a  body  in 
water  is  aeoe’lorated  in  one1  dirt'otion.  is  equal  to  the1  effect  of  reverse  image  of  a  boely  to  the 
free  surface.  1,2,3  When,  theme.  nQ  is  taken  as  the  a'ldeel  mass  without  free  surface 
and  in  l  as  the  addl'd  mass  with  free  surface,  then  it  follows 

m  -  /«0  -  reverse  imago  effect - imago  effi'ct  [1] 

and  the  virtual  inertial  resistance  equal  to  //<  j  ,r  is  proflueeel  in  the  body. 

Let  d)  represent  the  velocity  potentiai:  tlien  the1  condition  of  free  surface  in  this  case 
is  gi\on  by 

=  0  at  t  -  0  [21 


l 


References  are  listed  on  pape  273. 


(This  equation  holds  good  as  an  approximation  for  any  velocity.) 

Next,  when  the  steady  oscillation  is  applied  to  the  body  in  the  same  direction  as  it  has 
been  accelerated,  as  mentioned  above,  the  resistance  due  to  wavemaking,  and  due  to  bumping 
with  waves  which  the  body  has  generated,  is  produced  in  the  body,  in  addition  to  the  inertial 
resistance  mx.  'Yhen  this  resistance  R  is  divided  into  a  resistance  having  the  same  phase  as 
the  velocity  of  the  body  and  that  having  the  same  phase  as  the  displacement  of  the  body,  namely, 

R  =  K  j  x  +  AN,  a;,  [3] 

then,  the  equation  of  motion  is  given  by 

(m  +  m  i  +  A  t  x  +  (A  +  h\)  x  =  f  cos  ut  [4] 

This  equation  may  imply  that  the  virtual  increase  of  restoring  force  has  resulted.  Since, 
however,  the  body  is  in  the  steady  motion  and  thence  x  -  -  u  2  x ,  the  change  of  the  restoring 
force  can  be  regarded  as  the  change  of  the  virtual  inertia.  The  equation  of  motion  can,  there¬ 
fore,  be  explained,  if  the  mass  is  regarded  to  be 

'■<2 

111  4  III -  [  5  ] 

1  .  .  O 


It  follows  from  the  above  that  the  calculation  of  the  period  of  the  body  using  the  equa¬ 
tion  T  =  2  *  \/  ( in  j  +  in),  fi  may  not  give  a  result  consistent  with  the  experimental  data,  hut.  in¬ 
stead.  the  equation 


T  =  2- 


*  2 
U  2 


[61 


should  be  used. 

It  shouid  be  noted,  however,  that  the  inertial  resistance  when  the  body  is  accelerator! 
from  the  steady  state  to  the  nonsteady  state  is  still  (m  -»  m  )  x  and  not  (m  ■»  m  j  -  A  2  u2).Y. 
Next.  l“t  us  consider  the  relation  between  m  and  m' .  when  putting 

k2 

m  +  m - m  ,  [7 


The  condition  or.  the  free  surface  of  the  velocity  potential  of  a  body  in  steady  oscilla¬ 
tion  is 

<S  -  —  —  [8] 

W2  dz 

where  u>  is  the  frequency  and  z  is  the  vertical  direction  upwards. 

It  follows  that: 

1)  When  the  frequency  is  much  greater  than  the  acceleration  of  gravity,  then 

6=  0  [9] 
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This  condition  is,  therefore,  equal  to  the  condition  of  free  surface  in  case  of  non¬ 
steady  acceleration. 

\ecordingIy,  the  effect  of  free  surface  in  this  case  becomes  the  reverse  image  erfect; 
that  is, 


lira 


m  =  m  =  7«0  +  reverse  image  effect 


1101 


2)  'Vlien  the  frequency  is  much  smaller  than  the  acceleration  of  gravity,  or  in  other  words, 
in  case  of  slow  oscillation,  the  condition  of  free  surface  is 

()(,h 


r>Z 


=  0 


[11] 


In  this  case,  therefore,  the  free  surface  acts  as  a  solid  wall,  and  gives  the  image 
effect,  namely. 


lim 

m'  -  m  -  >nQ  +  image  effect  -  +  2  .r  image  effect,  [H-a] 


3)  For  a  finite  w  between  liquations  { 1  ]  and  [21,  the  effect  of  free  surface  becomes  very 
complicated.  Experimental  results  for  heaving  and  pitching  have  already  been  given  by 
Gerritsnm6  and  hy  Golov ato."  Figure  1  gives  the  results  of  calculations  ri.atle  by 
Yamamoto-'  a>  to  submerged  cylinder  and  sphere,  which  indicate-  the  values  of  r, '  for 
various  periods.  Figure  1  is  shown  on  the  basis  of  the  period  made  limcnsionio'-s.  \f 
7  -  0.  m  'i>  si  .slier  titan  the  value  without  free  surface,  due  to  reverse  image  effect, 
a  nil  with  the  increase  of  the  period  the  virtual  mass  first  becomes  smaller  than  m  j,  then 
increases,  sirpa^in.'  and  eventually  becomes  equal  to  as  the  period  becomes 
infinite. 

Figure  2  slu,-v  the  results  of  an  experiment  carried  out  Itv  the  author,  in  which  r ho 
ad  iitional  moment  of  inertia  about  the  vertical  axis  of  a  ship  has  been  obtained  from 
the  period  of  torsional  oscillation  of  a  stool  liar  attached  to  ship’s  side.  i‘ h- ■  curve'  in 
Figure  2  has  a  similar  tendency  to  that  in  Figure  1,  and  is  drawn  on  the  basis  of  the 
period  made  dimensionless.  </  being  the  draft. 

The  record  of  this  experiment  clearly  indicates  that,  though  Jzl  varies  with  the 
change  of  the  period,  only  .J  gives  the  effect  on  the  inertia  force  for  nonsteady 
acceleration:  that  is.  the  foiiowing  phenomenon  is  recognized. 

In  the  region  of  C  in  Figure  2,  or  in  the  case  of  J"  >  j.  the  ship  moves  for  the 
first  half-period  of  oscillation  in  the  still  water  without  waves  generated,  as  shown  in 
Figure  3  (a):  therefore  she  yaws  with  the  period  corresponding  to  J_y  For  subsequent 
yaws,  however,  the  additional  inertia  becomes  ,J'  because  of  the  effect  of  waves,  and 
the  period  becomes  much  slower.  On  the  contrary,  in  the  region  of  \  in  Figure  2,  the 
phenomenon  is  completely  reversed,  a?  shown  in  Figure  3  (b),  because  ,]'  <  .7z, . 
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Figure  1  —  \dded  Maas  Coefficient  of  Oscillating  Submerged  Cylinder 


Figure  2  -  Measured  Values  of  Added  Moment  of  Inertia  for  the  Yawing 
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Figure  i  —  Change  of  \dded  Mass  Duo  to  the  Change  of  the  Period, 
and  the  Range  of  Periods  of  Ship  Motions 
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2.  THE  VALUE  OF  ADDED  MASS  TO  BE  USED  FOR  THE  SHIP’S  MOTION 
IN  RESPECTIVE  DEGREES  OF  FREEDOM 


Figure  1  indicates  tho  calculated  added  mass  mentioned  in  the  foregoing,  the  measured 
added  moment  of  inertia  about  z-axis  given  in  Figure.  2,  and  the  values  of  added  mass  ob¬ 
tained  by  Gerritsma6  as  to  heaving  and  pitching,  which  are  plotted  on  the  basis  of  the  period 
made  dimensionless.  These  figures- show  similar  tendencies,  though  there  is  a  little  deviation 
in  the  positions  of  the  lTutrrfnand  hollow.  In  Figure  1,  the.  regions  of  the  natural  period  of  roll¬ 
ing  of  ships,  of  the.  natural  period  of  pitching  and  heaving,  and  of  the  period  of  bending  vibra¬ 
tion  of  ships  are  also  shown  as  shaded  portions. 

The  bending  vibration  of  ships  has  a  very  short  period  both  in  two  and  in  three  nodes, 
so  that  the  effect  of  free  surface  may  be  considered  as  the  reverse  image  effect  and  m  and 
7  can  be  used  as  the  added  inertia.  The  papers,8'9'  10>  e,c-  p.re  dealt  with  from  this 
viewpoint. 

In  the  case  of  a  rigid  body,  however,  the  period  covers  a  wide  range,  as  shown  in  Fig¬ 
ure  -1,  and  therefore  a  great  difference  will  result  according  to  the  adoption  of  .vt'and  ,/'or  of 
•i  t  and  7  .  In  the  case  of  rolling  with  a  long  period,  especially,  some  added  masses  are  elose 
to  /„, .  It  is  therefore  necessary  to  consider  the  kind  of  added  mass  in  each,  degree  of  freedom 
w  l.icli  may  be  most  appropriate  for  expressing  tlu*  motion. 

For  this  purpose,  the  ordinate  fixed  to  a  ship  is  taken  as  shown  in  Figure  5,  and  the 
added  mass  and  moment  of  inertia  about  each  axis  are  denote!  as  given  in  Table  ],  each  sym¬ 
bol  having  the  significance  ns  indicated  in  Figure  1.  strictly  speaking,  the  added  mass  and 
moment  of  inertia  which  should  be  included  in  the  term  of  inertia  in  th<>  equation  of  motion 
for  any  degree  of  free  lorn  should  bo  m  or  /j.-nn  i  not  m'  or  7 '.  However,  lor  rolling  or  similar 
oscillations  in  which  t ho  motion  in  the  vicinity  of  the  natural  period  is  evident,  it  may  be  more 
useful  to  include  /'  in  the  torn'  of  inertia  from  t hi'  beginning,  tin  the  contrary,  for  pitching 
or  heaving  or  similar  oscillations  in  which  damping  force  is  so  great  that  the  motion  in  the 
vicinity  of  the  natural  period  is  not  so  evident  as  that  of  rolling,  it  may  lie  advisable  to  use 
m  '  and  ./'corresponding  to  the  natural  period,  but,  on  the  other  hand,  it  is  considered  more 
reasonable  to  use  ,n  and  ,/  from  the  standpoint  that  the  oscillation  due  to  irregular  waves 
is  the  response  to  continual  impacts. 

\ s  a  result  of  the  foregoing  consider-  * 


ations,  the  kinds  of  added  mass  to  be  adopted 
have  been  determined,  as  shown  in  Table  2. 

It  should  be  noted  that,  in  the  case  of 
rolling,  no  serious  difficulty  will  arise  if  7  ' 
is  substituted  for  as  /  j s  n  uch  ■  renter 

x  1  X 

than  Jx  or  ■)  ' ,  but  in  the  case  of  pitching  or 
heaving,  appreciable  difference  will  result  if 
'  is  adopted  in  lieu  of 


Figure  5 
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TABLE  1 


Kinds  of  Adder!  Mass  and  Added  Moment  of  Inertia 


Added  Mass 

Without 

As  Defined  by 

For  Arbitrary 

For  Infinite 

Free  Surface 

Inertia 

Period 

Period 

x-axis 

m  . 

xO 

m  , 

x\ 

/ 

m 

X 

mx2 

y-axis 

"Vo 

m  , 

y  1 

■  my 

my2 

z-axis 

w-'0 

m 

Z\ 

mz 

mn 

Added  Moment  of  Inertia 

x-axis 

./ 

XO 

•4, 

K 

JX2 

y-axis 

"  y  o 

•V 

Jn 

z-axis 

i 

4„ 

•4, 

j; 

■ 

•4  2 

TABLE  2 


Restoring 

Damping 

! 

Added  Inertia 

Natural 

Kind  of  Added  Mass 
to  be  Adopted  in  the 

In  Case  of 

Force 

Inertia  of  Ship 

Period 

i . i i  jJ  u L  i  ui'.u 

Equation  of  Motion 

Irregular  Waves 

Translation 

Nil 

Small 

Small 

Nil 

m  . 
xl 

x-axis 

ves 

(long) 

Rotation 

Small 

Small 

Small 

T  rnnslation 

Nil 

Great 

Great 

Nil 

WV1 

7/1 

yi 

y-axi  s 

yes 

(short) 

Rotation 

Great 

Great 

Great 

r 

y 

4. 

T  rnnslation 

Great 

Great 

Great 

yes 

(short) 

m' 

mz\ 

z-axis 

Rotation 

Nil 

Great 

Great 

Nil 

4i 

j 

3.  MEASUREMENT  OF  ADDED  MASS  AND  ADDED  MOMENT  OF 
INERTIA  IN  STEERING  MOTION 


The  steering  motion  is  aperiodic  and  is  considered  as  a  continual  impact.  For  the 
equation  of  motion,  therefore,  the  added  mass  and  added  moment  of  inertia  defined  by  inertia 
force  must  be  adopted. 

3.1  MODEL  SHIPS  USED 

The  SS  KAMIKAWA  MARL  (115.00m  x  19.50m  x  12.20m,  d  =  S.Oflm,  A  =  15,8250  was  adopt¬ 
ed  as  the  parent-form  of  model  ships.  From  this  parent  form,  model  ships  with  four  different 
Cb’s  and  three  different  B/D’s  were  made.  They  are  1.700  meters  in  length  and  are  made  of 
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wood  painted  with  laequer.  Their  particulars  are  shown  in  Table  3,  and  the  body  plans  of  the 
patterns  for  each  group  of  model  ships  are  illustrated  in  Figure  6(a)  (1-.).  (c),  and  (d). 

TABLE  3 


Particulars  of  Model  Ships 


Model  Snio 

A 

I 

! 

R 

C 

D 

E 

L 

m 

1.700 

d 

m 

0.093 

cb 

0.579 

0.565 

0.450 

0.603 

cp 

0.599 

0.555 

C.613 

;  C& 

0.943 

0.811 

0.983 

1 

Ao 

A,  1 

% 

Do 

Bn 

r* 

w0 

Do 

Di 

Dn 

Eo 

H 

m 

0.2280 

0.1700 

0.3400 

0.2280 

0.1700 

0.3400 

0.2280 

0.2280 

0.1700 

0.3400 

0.2280 

l  n 

7  4  5  G 

10 

5 

7.456 

10 

5 

7.456 

7.456 

10 

5 

7.456 

T  hj 

29.147 

21.710 

43.420 

24.756 

18.458 

35.916 

21.023 

15.395 

12.224 

24.448 

22.000 

:;•//. 3 

5.933 

4.419 

8.838 

5.039 

3.757 

7.514 

4.279 

3.337 

2.488 

4.975 

4.478 

/  brnr 

3.32 

2.45 

4.65 

2.65 

2.06 

3.38 

2.30 

2.07 

1.43 

2.35 

2.17 

1 

0.198 

0.197 

0.193 

0.192 

c-,,s 

0.178 

_ 

0.187 

0.209 

0.201 

0.183 

0.184 

The  relations  between  C  ^  Cpl  C  etc.  in  each  croup  uf  model  ships  are  determined 
from  the  data  as  given  by  Vamagata.11  The  model  ship  E  was  patterned  after  Model  Ship  Bfl 
but  with  extremely  large  cut-up.  This  model  was  made  to  obtain  the  effect  of  cut-up  by  attach¬ 
ing  different  sizes  of  deadwood. 

3.2  AGGcD  MASS  FOR  l  ONGITUDINAL  TRANSLATION  *nxl 
3.2.1  Method  of  Measurement 

since  m  x  (  is  considered  to  be  approximately  equal  to  4  to  8  percent  of  m  ,  it  is  neees- 
sary  to  measure  the  virtual  mass  m  +  m  within  the  accuracy  of  0.2  to  0.4  percent,  in  order  to 
obtain  m  within  the  aeeuraey  of  +  5  percent,  but  such  a  precise  measurement  is  very  difficult. 
From  the  above  viewpoint,  the  following  three  methods  were  studied: 

1)  Vibration  method.  This  method  is  based  upon  the  fact  that  the  limit  of  the  added  mass 
m’  obtained  from  the  prolongation  of  the  period  of  vibration  is  m  v  when  the  period  be¬ 
comes  infinitesimal,  and  is  intended  to  obtain  the  limit  of  added  mass  in  the  infinites¬ 
imal  period  by  changing  the  strength  of  the  spring  and  thus  causing  the  surging  with 
different  periods. 

This  method  was  proved  unsatisfactory,  however,  because  it  was 
impossible  to  produce  vibrations  with  sufficiently  short  period. 
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2)  Acceleration  method.  This  method  is  intended  to  measure  the  acceleration  when  a  ship 
is  accelerated  by  applying  a  force  of  known  amount,  and  to  obtain  the  virtual  mass  from 
this  acceleration. 

It  was,  however,  found  difficult  to  measure  the  acceleration  with  the  required 
accuracy. 

3)  Impact  method.  This  method  is  intended  to  measure  iric  initial  velocity  caused  by  the 
impact  of  a  known  amount  applied  to  a  ship,  and  to  obtain  the  virtual  mass  from  this 
velocity.  This  method  proved  satisfactory. 

The  outline  of  the  impact  method  is  described  as  follows. 

A  pendulum  was  used  for  giving  the  impact.  As  shown  in  Figure  7,  the  apparatus  is 
so  contrived  that  the  pendulum  is  made  free  after  having  been  swung  up  by  an  angle  a  from 
the  upright  position,  and  when  it  falls  to  the  upright  position  then  it  strikes  the  mod^l  ship 
at  the  centerline. 

Let  0  =  \nglc  of  bouncing  of  the  pendulum, 

wp  =  Weight  of  the  pendulum, 

Iq  =  Distance  from  the  supporting  point  to  the  center  of  gravity 
of  the  pendulum, 

K  -  Radius  of  gyration  of  the  pendulum,  and 
uQ  =  Initial  velocity  of  the  ship. 

Since  the  angular  velocity  of  the  pendulum  changes  from  a  =  \  -  cos  a  )  K 

to  ft  =  -  \'2glQ  (1  -  cos  0  )  h'  ,  the  total  amount  of  the  impact  at  a  distance  from  the  sup¬ 
porting  point  is 

Ip  .  cos2  <j>  ^  p  ^  p 

—  (d  +  P)  — : = - - — (a  +  0  )  cos  6 

V  lP  9  lP 


JCy  £  _ _ 

=  ic  ~  J  —  U  1  -  cosa  +  v  1  -  cos  P  )  cos2  , 
Pig 
P 


where  $  is  the  angle  shown  ir.  Figure  7. 

On  the  other  hand,  as  the  momentum  of  the  ship  changes  because  of  this  impact  by  an 
amount,  of 

(m  +  mxl)  uQ 

then  the  virtual  mass  can  be  obtained  as  follows,  by  putting  the  above  two  amounts  equal. 
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Figure  7 


/  stopper 


To  obtain  the  initial  velocity  un  ,  a  pen  was  attached  to  the  ship  at  first  to  record  the 
movement  of  the  ship  on  the  paper  moving  in  a  constant  speed,  and  was  attempted  to  be  ob¬ 
tained  from  tangent  at  t  =  0  of  the  curve  thus  drawn.  However,  as  the  accuracy  of  this  method 
was  not  satisfactory,  the  following  method  was  adopted  later. 

\ s  shown  in  Figure  8,  a  weight  i/;  is  suspended  by  a  string  attached  to  the  stem  through 
a  pullev  with  very  small  friction,  and  a  stopper  is  fitted  to  prevent  the  ship  from  moving  astern 
beyond  the  position  of  the  stopper.  When  the  pendulum  is  made  free  after  having  been  swung 
up  by  an  angle,  then  the  ship  begins  to  move  with  the  initial  velocity  uQ  ,  due  to  the  impact 
of  the  pendulum.  The  ship  is.  however,  being  pulled  astern  constantly  by  the  weight  ,  so 
that  she  returns  to  the  original  position  after  having  moved  by  such  a  distance  A  that  the  initial 
kinetic  energy  of  the  ship  is  balanced  with  the  increment  of  potential  energy  of  the  weight  due 
to  being  pulled  upwards. 

Accordingly,  let  A  represent  the  distance  that  the  ship  has  moved  or  the  height  that  the 
weight  has  been  raised;  then  we  obtain 

1  1£o 

—  (m  +  m_.  +  -  )  u  2  =  ic  A  +  5  F  [141 

o  x  1  g  u  u 

where  8K  is  the  work  done  by  the  frictional  resistance  of  the  ship  and  the  friction  of  the  pulley. 
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In  this  case,  the  question  is  the  amount  of  the  frictional  resistance;  if  this  is  very  hig 
as  compared  with  icQ  ,  this  method  cannot  he  used.  As  a  result  of  investigations,  however, 
it  has  been  found  that  the  frictional  resistance  is  less  than  0.4  percent  of  wQ  and  therefore  no 
difficulty  will  arise  if  the  amount  of  frictional  resistance  is  calculated  as  to  each  ship  and 
careful  correction  is  made  accordingly. 

Figure  9  shows  an  example  of  the  record  of  the  ship’s  movement,  from  which  h  can  be 
measured  with  sufficient  accuracy. 


3.2.2  Preliminary  Experiment  in  Air 

For  the  purpose  of  examining  the  accuracy  of  the  previously  mentioned  method,  the  ship 
was  suspended  in  the  air  by  two  wires,  to  which  an  impact  was  given  by  the  same  pendulum  as 
was  to  be  used  for  the  train  experiment. 

Let  /  represent  the  length  of  the  wire,  ’  the  impact,  and  un  the  initial  velocity;  then 

U l  =  mu  l 


r 


Striking  tf  pendtiLun  Collision  ui,th  the  stopper 


Figure  9 


V  can  be  obtained  from  the  angle  of  bouncing  and  uQ  from  the  angular  displacement 
of  the  ship. 

The  results  of  the  experiment  performed  about  ten  times  indicated  that  the  ratio  of  the 
measured  value  to  the  ship’s  "mass  was  not  exactly  1.000,  but  1.031.  It  was  considered  that 
this  difference  could  be  attributed  to  the  dissipation  of  the  small  portion  of  the  momentum  due 
to  the  vibration  of  the  ship  caused  by  the  impact.  Therefore,  the  results  of  the  experiment  in 
water  have  b«en  corrected  by  multiplying  this  ratio  in  all  cases. 

3.2.3  Correction  of  Error  due  to  Frictional  Resistance  of  Ship 

Since  the  work  is  done  by  the  frictional  resistance,  the  results  of  the  measurement  are 

in  error  as  if  the  work  done  ie  h  bv  the  weight  it,-  has  been  somewhat  increased. 

0  0 

Let  SE  represent  this  work  done  and  Rjq  the  frictional  resistance  for  initial  velocity 
;  then 

5E  =7/l’f0  h 

The  above  equation  implies  that  the  error  due  to  the  frictional  resistance  is  the  same 
as  the  error  due  to  the  increase  of  the  weight  «•  bv  an  amount  Su  =  —  R 

o  ■  .)  ju 

The  calculation  of  R  f  from  Ct ,  using  Blasius’  equation,  indicated  that  5m  irQ  was 
0.4  percent  in  the  maximum,  which  cannot  be  neglected.  Therefore,  the  correction  of  the  error 
due  to  the  frictional  resistance  was  made  by  calculating  Rf  on  each  ship. 

3.2.4  Results  Obtained 

Measurements  were  made  ten  times,  first  with  Model  Ship  B.^  .  to  examine  the  scatter  of 
measured  values,  etc.,  and  then  ten  times  w  ith  each  type  of  model  ship.  These  measured 
values  were  averaged,  excluding  the  results  of  the  measurement  in  which  the  striking  of  the 
pendulum  was  deemed  improper. 

Figure  10  illustrates  these  results  obtained,  in  which  the  values  of  m  'm  are  plotted 
on  the  basis  of  LB.  It  may  be  noted  from  this  figure  that  /n  m  increases  with  the  increase 
of  L  ’B  .  In  Figure  10  are  also  plotted  the  values  calculated  by  Lamb,12  as  well  as  those  for 
Inui’s  theorectical  ship’s  forms  S-201  and  S-202  calculated  by  Bessho.  There  is  a  little  liffer- 
ent  tendency  between  the  curves  for  model  ships  and  for  prolate  spheroid.  This  difference 
may  be  explained  by  the  fact  that  in  the  prolate  spheriod  d/R  is  constant,  whereas  in  model 
ships  d/B  is  variable  because  d  was  ma  le  constant  and  B  was  varied. 

In  Figure  11  m  /  m  are  plotted  on  the  basis  of  Cb.  This  figure  indicates  that  the 
added  mass  increases  with  the  increase  of  C ^ 

Figure  12  shows  the  variation  of  the  added  mass  for  Model  Ship  3Q,  w'hen  d/B  is 
varied  by  changing  the  draft.  From  the  fact  that  m  /m  is  approximately  proportional  to  d/B , 
and  moreover  the  values  for  prolate  spheriod  ai  d/B  -  0.5  and  for  ellipsoid  at  d/B  -  0.25 
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plotted  in  the  same  figure  are  also  approximately  |>roportional  to  d/B,  it  is  considered  that 
mxx/ m  >s  approximately  proportional  to  d/B. 

Figure  13  indicates  the  variation  of  mx^/m  for  constant  d/B  obtained  from  the  above 

relation.  When  the  values  of  m  /  m  for  each  L/B  at  the  points  of  C b  =  0.4,  0.5 . 0.9, 

which  are  obtained  from  the  readings  of  Figure  11,  are  plotted  on  the  basis  of  L/B,  a  group 
of  solid  lines  in  Figure  13  for  constant  d  can  be  drawn  having  the  parameter  of  C  b. 

The  broken  lines  in  Figure  13  are  a  group  of  curves  for  constant  d/B  (  =  0.75  ),  which 
have  been  drawn  using  the  relation  given  in  Figure  12  (mxX  is  proportional  to  d/B).  From 
these  curves,  m  /m  for  arbitrary  L/B  and  d/B  can  be  obtained  in  the  following  way. 

Take  d/B  corresponding  to  the  desired  draft  at  the  base,  read  the  value  of  at 

this  d/B  on  the  solid  line  corresponding  to  given  C  b,  draw  a  curve  through  this  Doint  parallel 
to  the  nearest  broken  line  (with  constant  d/B  )  and  read  the  value  of  w  /  m  on  this  curve  at 
given  L/B;  then  the  value  thus  obtained  indicates  m  for  given  L/B  ,  Cf  ,  and  d/B. 

The  thick  broken  line  in  Figure  13  is  for  the  prolate  spheroid  (d/B  -  0.5  ).  since  this 
curve  is  approximately  parallel  to  the  curves  with  constant  d/B,  and  moreover  the  values  of 
m x  /m.  ar«  approximately  equal  to  the  values  for  Cb  =  0.5  (  Cb  of  the  prolate  spheroid  is  0.5236), 
the  theoretical  values  of  m  x  t  for  the  prolate  spheroid  arc-  considered  to  be  applicable  to  ships 
with  similar  range  of  C b  ,  though  on  ships  with  greater  Cb  the  values  are  appreciably  different. 


3.3  ADDED  MASS  FOR  SWAYS  m,yi 
3.3.1  Method  of  Measurement 


To  examine  the  suitable  method  of  measurement,  the  vibration  method,  acceleration 
method,  and  impact  method  were  studied  in  the  same  way  as  the  added  mass  m xl  for  longitudi¬ 
nal  translation  has  been  measured.  Because  of  a  great  damping,  however,  only  the  acceler¬ 
ation  method  was  found  fairly  satisfactory;  the  other  methods  were  not  practicable. 

Therefore,  a  different  method  was  considered,  based  upon  the  phenomenon  that  when  a 
slender  body  is  accelerated  in  the  water  the  direction  of  force  and  acceleration  do  not  coin¬ 
cide  with  each  oliier. 

In  Figure  14,  when  a  force  F  is  applied  to  a  ship  at  her  center  of  gravity  (or  precisely, 
virtual  center  of  gravity)  from  a  direction  having  an  angle  a  fro  the  centerline  of  the  ship, 


acceleration  to  z-direction  is 

y| 

4/ 

X,  ^  A 

cL 

G 

_ _ 

Figure  14 
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[18] 


F  cos  n 


m  +  m 


*1 


and  the  acceleration  to  y-direction  is 


F  sin  i 


y  = 


m  +  m 


[19] 


yi 


Therefore,  when  0  is  taken  as  the  angle  from  the  centerline  of  the  ship  to  the  acceler¬ 
ation  A,  then 


tan  0  =-^=- 


y  m  +  m  x  i 


-tan  a 


x  m  +  m 


[20] 


7  1 


This  equation  indicates  that  the  direction  of  the  acceleration  becomes  closer  to  the 
centerline  of  the  ship  than  does  the  direction  of  the  force.  When  tan  a  and  tan  0  are  measured, 
the  ratio  m  +■  m  to  in  +  m  .  can  be  calculated  from  Equation  [20],  and  if  m  is  known  m  . 
can  be  obtained. 

In  order  to  obtain  m  ,  using  the  above  relation,  an  apparatus  as  shown  in  Figure  15 
was  made.  This  apparatus  is  so  contrived  that  the  ship  is  fitted  with  strings  at  her  centerline 
on  the  deck  and  the  bottom,  which  are  stretched  in  the  parallelogram  shape  to  prevent  the  ship 
from  rolling,  and  then  connected  to  a  stopper  on  one  side  and  pulled  by  a  weight  through  a 
pulley  on  the  other  side.  \  midget  light  is  attached  to  the  ship  directly  above  her  center  of 
gravity.  The  ship  and  strings  are  painted  white  so  that  they  can  be  taken  in  the  photograph 
clearly.  The  photograph  was  taken  from  a  position  directly  above  the  ship  when  she  was  at 
rest,  and  then  the  movement  of  the  light  when  the  string  was  disconnected  from  the  stopper  was 
also  taken  in  the  same  film  by  means  of  double  exposure. 

The  results  obtained  are  as  examplified  in  Figure  16  (a),  and  (b).  from  which  the  ratio 
tana  to  tan  0  can  be  real  with  sufficient  accuracy.  Table  4  shows  the  results  of  an  experi¬ 
ment  which  was  carried  out  to  see  whether  Equation  [20]  actually  holds  good,  and  in  which 
the  direction  of  the  force  was  varied  in  a  wide  range  for  this  purpose.  Figures  16  (a)  and  (b) 
are  the  examples  of  the  records  for  a  =  16.4  deg  and  a  =  57.fi  deg,  respectively. 
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In  order  to  determine  whether  the  results  thus  obtainod  agree  with  those  by  more  direct 
method,  experiments  by  acceleration  method  were  also  made.  The  apparatus  of  this  method  is 
as  shown  in  Figure  17.  The  ship  is  fitted  with  a  guide  having  small  friction  to  prevent  the 
ship  from  rolling,  and  strings  attached  to  the  ship’s  sides  are  stretched  in  athwartship  direc¬ 
tion,  and  connected  to  the  stopper  on  one  side  and  pulled  by  a  weight  w  through  a  pulley  on 
the  other  side.  The  difference  of  acceleration  at  the  instant  that  the  stopper  is  disconnected 
is  recorded  by  the  oscillograph. 

Let  yQ  represent  the  maximum  acceleration;  then  m  ^  can  be  obtained  from 


u 

(m  +  m  +  —  +  8m) 
y  <7 


y0 


ic 


[211 


where  8m  io  the  increment  of  added  mass  due  to  the  inertia  of  the  pulley. 

An  example  of  the  oscillogram  is  shown  in  Figure  18-  High  accuracy  cannot  be  expected 
from  this  result,  because  the  vibration  of  the  guide,  etc.,  has  been  superimposed  in  the  curve 
of  acceleration  recorded.  The  results  have  a  scatter  of  about  i  5  percent,  though  the  average 
agrees  fairly  well  with  the  results  by  the  foregoing  method,  and  therefore  the  foregoing  method 
is  considered  more  reliable  from  the  viewpoint  of  accuracy. 
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3.3.2  Results  Obtained 


1)  Measured  values 

Results  of  the  experiments  carried  out  several  times  with  Model  Ship  BQ  to  examine  the 
accuracy  of  the  measurement  were  that  the  accuracy  was  approximately  ±  2  percent. 

The  results  of  the  measurement  made  with  each  model  ship  are  as  shown  in  Table  5, 
in  which  only  averages  are  given. 


TABLE  5 


Model 

tana/  tan/3 

( m 

(m  +my)  )/m 

myJm 

Ao 

1.782 

1.0503 

1.373 

0.873 

Ai 

2.092 

1.0448 

2.186 

1.186 

An 

1.524 

1.0643 

1.622 

0.622 

Bo 

1.896 

1.0400 

1.972 

0.972 

Bt 

2.250 

1.0356 

2.330 

1.330 

Bn 

1.610 

1.0526 

1.695 

0.695 

Co 

1.975 

1.0324 

2.404 

1.040 

Do 

2.092 

1.0234 

2.141 

1.141 

D. 

2.543 

1.0315 

2.623 

1.623 

°u 

1.757 

1.0297 

1.810 

0.810 

2)  Relation  with  L  B 

In  Figure  lit,  the  values  of  ,  m  shown  in  Table  5  are  plotted  on  the  basis  of  L  /?. 

It  may  be  noted  from  this  figure  that,  as  L  B  increases  or  the  ship  becomes  slender,  m  ^  m 
increases  radically.  The  broken  line  in  Figure  19  represents  the  calculated  value  for  the 
prolate  spheroid  without  free  surface.  \  different  tendency  >s  seen  between  this  curve  and 
the  curves  from  model  ships.  The  difference  may  be  attributed  to  the  fact  that  the  prolate 
spheroid  has  a  constant  d  B  and  variable  t  B,  whereas  in  the  model  ships  the  measurements 
were  made  with  constant  d  L.  This  difference  will  be  referred  to  later. 

3)  Relation  with  Ch 

Figure  20  shows  the  relation  with  Ch.  It  may  bo  noted  from  this  figure  that  myl  m 
decreases  with  the  increase  of  Ch ,  hut  this  may  be  due  to  the  decrease  of  the  sharp  portions 
of  the  ship. 

4)  Relation  with  d/B 

Since  Figure  19  shows  the  results  of  experiments  with  constant  d  and  therefore  having 
variable  d/B  with  the  variation  of  LB,  it  does  not  give  the  effect  of  the  change  in  l  'B  or 
d  B  only.  Accordingly  measurements  were  made  with  drafts  varied  as  to  model  ship  A  and  B 
to  examine  the  effect  of  d/B  only. 
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Figure  19 


The  results  arc  as  shown  in  Figure  21.  which  indicates  that,  contrary  to  the  results  for 
mx,  ,  m  is  not  exactly  proportional  to  d  H  .  but  that  it  increases  with  a  regular  tendency 

as  d/B  increases,  \ccordingly,  d  constant  curves  in  Figure  19  can  be  modified  approximately 
to  d  P,  =  constant  curves  us’ng  the  relation  as  given  in  Figure  21. 

Figure  22  shows  the  results  of  this  modification,  in  which  d/L  constant  curves  have 
been  drawn  by  plotting  m  /m  read  off  from  curves  corresponding  to  C  b  =  0.4  -  0.9  in  Figure 
20.  The  broken  lines  in  Figure  22  are  d/L  -  constant  curves,  which  have  been  drawn  so  as 
to  intersect  the  solid  lines  at  L/B  -  7.45  (standard  draft)  and  by  modifying,  from  the  relation 
in  Figure  21.  the  deviation  due  to  the  change  of  d,  B. 

From  Figure  22  the  values  of  m  ^ /m  for  arbitrary  L/B ,  Cb ,  and  d/B  can  be  obtained  in 
the  following  way.  Take  the  desired  d/B  of  the  ship  on  the  base,  read  the  value  at  this  d/B  on 
the  d/L  =  constant  curve  corresponding  to  give  C  b,  draw  a  curve  from  this  point  parallel  to 
the  nearest  d/B  =  constant  curve,  read  the  value  on  this  curve  at  given  L/B ,  then  the  value 
thus  obtained  indicates  myl/m  for  given  L  B  ,  C6and  d/B. 
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Figure  20 

5)  Comparison  with  theoretical  v  alues  for  prolate  spheroid 

The  calculated  values  of  m  ,'m  for  the  prolate  spheroid  with  d/B  =  constant  =  0.5  are 
plotted  in  Figure  22,  which,  contrary  to  the  case  of  mx  ’  m  ,  have  not  the  similar  tendency  as 
that  of  model  ships,  even  when  the  results  of  experiment  have  been  modified  to  correspond  to 
d/B  =  constant.  In  case  of  ships  particularly,  m  /m  tends  to  increase  as  L/B  increases, 
even  when  d/B  is  constant.  It  is  considered  that  this  difference  is  due  to  the  increase  in  the 
sharpness  of  bow  and  stern  as  L/B  increases.  'Yhen  d/B  -  constant  curve,  which  corresponds 
to  the  curve  for  the  prolate  spheroid  with  C b  =  0.514  and  d/B  =  0.5,  as  drawn  from  Figure  22, 
a  chain  line  a  little  below  the  uppermost  d/B  =  constant  curve  is  obtained,  which  shows  that 
m  ^  /m  is  much  greater  than  that  of  the  prolate  spheroid.  Thi=  difference  is  considered  to  be 
attributed  also  to  the  sharp  form  at  the  bow  and  stern.  Accordingly,  the  theoretical  value  for 
the  prolate 'spheroid  cannot  apply  to  ships  as  far  as  my  l  is  concerned. 
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6)  Uelation  between  lateral  area  arid  m 

In  order  tr  examine  the  change  of  m  ^  t  m  when  lateral  area  is  varied  by  changing  the 
area  of  dearhvood,  experiments  were  made  with  Model  Ship  E  fitted  with  four  kinds  of  fins. 
The  results  are  as  shown  in  Figure  23. 

Fins  are  fitted  symmetrically  to  the  bow  and  stern.  The  broken  line  in  Figure  23  has 
been  drawn  on  the  assumption  that  m  m  is  proportional  to  the  lateral  area.  The  measured 
values  are  somewhat  greater  than  these  calculated  values.  This  difference  can  be  anticipated 
as  a  matter  of  course,  because  of  the  fact  that  the  deadwoods  are  made  from  thin  plank.  In 
the  approximate  estimation,  however,  the  increase  of  m  m  due  to  the  increase  of  lateral 
area  may  be  considered  to  be  proportional  to  the  lateral  area;  namely, 


where  is  the  increment  of  m^.  j  and  6-1  is  the  increment  of  lateral  area. 

3.4  ADDED  MOMENT  OF  INERTIA  FOR  ROTATION  ABOUT  Z-AXIS  j . 
3.4.1  Method  of  Measurement 


Similar  to  the  case  of  3.2,  the  vibration,  acceleration,  and  impact  methods  were  ex¬ 
amined,  and  as  a  result  the  impact  method  was  adopted.  \s  shown  in  Figure  24.  the  apparatus 
is  so  contrived  that  the  pendulum  is  made  free,  after  having  been  swung  up  by  an  angle  a,  and 
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when  it  falls  to  the  upright  position,  then  it  strikes  the  ship  at  a  position  having  the  distance 
l  from  her  center  of  gravity. 

Let 

ft  =  Angle  of  bouncing  of  the  pendulum, 
vc  -  Weight  of  the  pendulum, 

Iq  -  Distance  from  the  supporting  point  to  the  center  of  gravity 
of  the  pendulum, 

K  -  Radius  of  gyration  of  the  pendulum, 

0  =  Initial  velocity  of  the  ship. 

If  -  Weight  of  the  ship, 

lz  =  Moment  of  inertia  of  the  ship, 

l  =  Distance  from  the  center  of  gravity  to  a  position  at  which  the 
pendulum  strikes. 

Since  the  angular  velocity  of  the  pendulum  changes  from  a=  J  2  g  Iq  ( 1  -  cos  a)  /A 
to  ft  —  —  y/  2  gl(j  ( 1  -  cos  ft)  /K  ,  the  total  amount  of  the  impact  at  a  distance  from  the  sup¬ 
porting  point  is 

— —  (a  -  /3  )  y-  =  —  A'2  -  (a  -  ft)  [23] 

<7  l  q  F  L 

v  P  y  P 

On  the  other  hand,  as  the  momentum  of  the  ship  changed  due  to  this  impact  by  an 
amount  of 
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9  -  o.  0662  rad/sec 


rad/sec 


~V~ 


Figure  25  (a) 


Figure  25  (b) 


o0(iz  +  Jt)/g 

then  I z  +  ,/.  can  be  obtained  as  follows  by  putting  the  above  two  amounts  equal. 

Kp  l(*-h/lpd0  [24] 

a  and  (1  can  be  obtained  from  the  photograph  with  long  exposure,  and  can  be  recorded  by 
a  pen  attached  to  the  stern  of  the  ship. 

Figure  25  shows  as  example  of  recorded.  The  damping  of  the  velocity,  whieh  had 
been  a  matter  of  concern  before  the  experiment,  has  been  found  not  so  great  as  to  obstruct  the 
measurement  of  the  initial  velocity,  and  therefore  0Q  could  be  obtained  with  sufficient  accuracy. 

In  order  to  examine  the  accuracy  of  this  method,  comparisons  were  made  between  / 
obtained  by  the  impact  in  the  air  with  various  swing  angles  of  the  pendulum  and  /.  obtained 
by  the  vibration  method.  The  results  are  as  shown  in  Table  6- 


TABLE  6 


l  cm 

JO 

«  deg 

90.0 

90.0 

90.2 

61.2 

61.6 

/ 3  deg 

21.6 

23.2 

22.7 

9.3 

10.8 

0Q  rad/sec 

0.0576 

0.0578 

0.0581 

0.0355 

0.0354 

/,  -ykg-m2 

2.79 

2.83 

2.82 

2.84 

2.85 

iz-g 

=  2.770  kg 

-m2  by  oscillation  method 
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The  reason  why  f  z  by  impact  method  is  always  somewhat  greater  than  /  by  vibration 
method  may  be  that  some  portions  of  the  momentum  are  dispersed  due  to  the  vibration,  etc.  The 
accuracy  of  this  method  is,  however,  satisfactory  for  the  purpose  of  the  present  investigation, 
so  that  this  method  has  been  adopted. 

3.4.2  Resuits  Obtained 

The  resuits  obtained  are  shown  in  Figures  26  -30.  Figure  26  indicates  the  change  of 
Jzl  due  to  the  change  of  C b,  expressed  in  the  form  of  J  // z.  Since,  however,  l z  changes 
according  to  the  weight  distribution,  it  may  not  be  appropriate  to  compare  the  added  moment 
of  inertia  in  the  term  of  Jzl/  lz-  From  this  viewpoint,  Figure  27  has  been  drawn,  which  in¬ 
dicates  the  change  of  added  moment  of  inertia  expressed  in  the  form  of  added  radius  of  gyra¬ 
tion  Ktl(m  J  Jzl  g/W )  over  the  length  of  the  ship  L.  It  may  be  noted  from  this  figure  that 
the  added  moment  of  inertia  increases  as  the  ship  becomes  fine. 

J z,  is  greater  than  has  been  anticipated,  which  may  be  partly  attributed  to  the  increase 
of  acceleration  due  to  the  deadwood  fitted  at  the  bow  and  stern.  Figure  28  gives  ihe  change 
of  K  Zl/L  due  to  the  change  of  L,  B  ,  which  indicates  that  the  added  moment  of  inertia  increases 
with  the  increase  of  L/B  Since  VZ1  at  the  extremity  of  L,  B  =  °o  must  correspond  to  J for  a 
plane  of  the  shape  equal  to  the  center  plane  of  the  ship,  the  curve  for  any  type  of  model  ship 
tends  to  converge  to  a  finite  value.  On  the  other  hand,  Jz  must  become  0  at.  L/B  =  1.  In  fact, 
the  curve  for  any  type  of  model  ship  converges  to  0  at  L  6  =  1. 

Figure  29  gives  the  change  of  the  virtual  radius  of  gyration  when  the  draft  is  varied, 
which  indicates  that  the  added  moment  of  inertia  decreases  intensely  as  the  draft  decreases. 

In  the  present  investigation,  the  effect  of  the  virtual  moment  of  inertia  due  to  the  change 
of  L/d  has  not  been  dealt  with,  but  the  general  tendency  can  be  presumed  from  the  f-urve  in 
Figure  29  for  the  same  type  of  model  ship  and  with  different  drafts. 

Figure  30  shows  a  chart  derived  from  the  foregoing  results,  from  which  the  values  of 
K ,  /L  for  arbitrary  L/B  ,  d/L,  and  Cb  can  be  obtained  in  the  same  manner  as  explained  in 
Figure  13  and  Figure  22. 

Figure  31  indicates  the  change  of  the  added  mass  due  to  the  change  of  cut-up,  which 
has  been  obtained  from  the  experiment  with  Model  Ship  EQ  fitted  with  four  kinds  of  deadwood. 
From  this  figure  the  tendency  towards  increasing  the  added  mass  due  to  fitting  of  the  dead- 
wood  can  be  presumed. 
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ABSTRACT 


In  previous  papers,  the  author  has  shown  that  steering  motion  of  a  ship  may 
be  practically  described  by  a  first-order  equation  of  motion 

dO 

T - +  0  =  A'S 

dt 

where  0  and  8  denote  turning  angular  velocity  and  helm  angle,  respectively.  The 
index  K  is  a  ratio  between  a  steady  turning  angular  velocity  and  a  corresponding 
helm  angle,  and  represents  turning  ability  of  a  ship.  The  other  index  T  represents 
stability  on  course  and  quick-responsiveness  in  steering,  and  relates  closely  to 
Davidson’s  stability  index  pv  Performance  of  a  ship  in  steering  may  be  deter¬ 
mined  well  by  these  two  indices. 

An  analysis  of  Kempf’s  standard  maneuver  test  employing  the  equation  de¬ 
termines  the  indices  K  and  T  of  a  ship  concerned  through  a  simple  calculation, 
and  then  yields  a  general  representation  of  her  steering  quality. 

The  present  paper  provides  a  new  practical  procedure  for  the  analysis  and 
also  deals  with  a  proposed  formulation  of  steering  quality  indices  K  and  T  as 
functions  of  hull  forms  and  relative  rudder  sizes,  which  has  been  obtained  from 
the  analyses  for  about  70  actual  ships  and  some  free-self-propelled  models  with 
several  alternative  rudder  sizes. 

INTRODUCTION 

For  a  long  time  an  important  prob.em  has  been  to  determine  what  measure  of  describing 
the  maneuverability  of  a  ship  is  reasonable  and  how  to  obtain  it.  Mthough  turning  trials  have 
been  carried  out  for  large  numbers  of  ships,  the  propriety  of  constructing  the  measure  of  ma¬ 
neuverability  merely  from  a  ship’s  performance  in  steady  turning  with  hard-over  helm  is 
doubtful.  The  actual  process  of  maneuvering  i  =  generally  not  such  a  steady  turning  but  rather 
a  succession  of  transient  phases  of  turning  maneuvers  with  helm  angles  put  to  starboard  and 
to  port  at  random. 

Pointing  out  these  circumstances,  Kempf  proposed  another  maneuver  test  procedure 
named  as  “standard  maneuver  test’’  or  “serpentine  test,”  and  gave  also  two  kinds  of  figure 
of  merit  on  maneuverability  which  relate  respectively  to  a  ships’  travel  for  finishing  the  stand¬ 
ard  maneuver  and  to  an  overswinging  angle  of  heading  after  a  rudder  is  put  to  the  opposite  side.1 

The  author  attempted  to  interpret  Kempf’s  maneuver  test  employing  the  first-order  simu¬ 
lating  equation  of  motion,  developed  by  the  author,2  so  as  to  obtain  from  the  test  a  new  measure 
of  maneuverability  which  is  not  merely  a  relative  measure,  like  Kempf’s  but  which  describes 


References  are  listed  on  page  304. 
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the  general  character  of  a  ship  in  steering  quantitatively.  The  proposed  steering  quality 
indices  K  and  T  together  constitute  such  a  measure  of  maneuverability;  K  represents  turning 
ability  and  T  represents  stability  on  course  and  quick  response  in  steering.  These  abilities 
are  just  the  fundamental  elements  of  maneuverability.  Provided  with  the  indices  K  and  T, 
the  motions  of  a  ship  under  a  given  arbitrary  form  of  steering  may  be  predicted  fairly 
accurately. 

Section  1  of  this  paper  discusses  maneuverability  in  terms  of  the  indices.  Section  2 
provides  a  procedure  for  determining  the  indices  from  Kempf’s  maneuver  test  through  an  e^sy 
calculation,  and  also  illustrates  the  results  of  the  analyses  for  approximately  seventy  actual 
ships  These  indices  are  naturally  functions  of  hull  form,  relative  rudder  size,  and  other 
factors.  Section  3  relates  to  a  systematic  formulation  of  the  indices  as  functions  of  these 
particulars  on  the  basis  of  the  actual  data,  and  then  provides  a  procedure  of  estimating 
roughly  the  indices  for  a  given  ship.  Section  3  also  includes  several  important  considerations 
on  the  constitution  of  steering  motion. 


1.  FIRST-ORDER  EQUATION  OF  MOTION  IN  STEERING  AND  A  REPRESENTATION 
OF  MANEUVERABILITY  USING  STEERING  QUALITY  INDICES  K  AND  T 

1.1  FIRST-ORDER  EQUATION  OF  MOTION  IN  STEERING 


Recent  studios  on  ship  steering  motion  which  employ  equations  of  motion  have  shown 
their  validity  and  usefulness.3,4  These  equations  are  of  the  form  of  simultaneous  linear  dif¬ 
ferential  equations  relating  to  drifting  motion  coupled  with  turning  angular  motion  of  a  ship 
in  steering.  The  drift  angle  is,  however,  so  small,  relatively ,  that  steering  motion  of  a  ship 
may  be  described  substantially  only  by  defining  heading  angle  of  a  ship  as  a  function  of  time. 
Then,  eliminating  the  drift  angle  from  the  simultaneous  equations  of  motion,  we  obtain  a 
single  equation  of  motion  of  the  following  form: 


,2o  de  dd 

-  +-  (T,  +  r„)  -  +  0  =  AS  +  AT,  - 

2  1  2  dt  ~  dt 


] 


where  6  is  the  turning  angular  velocity  of  a  ship; 

5  is  the  helm  angle  as  a  function  of  time;  and 

A,  Tv  T2  and  T3  are  the  coefficients*  composed  of  the  coefficients  of  the  original 
equations  and  depending  on  hull  form,  relative  rudder  size,  and 
other  factors  of  a  ship. 

This  equation  describes  the  steering  motion  of  a  ship  just  as  do  the  original  equations  of 
motion  so  far  as  turning  angular  motion  is  concerned. 


•More  detailed  discussions  are  shown  in  Reference  2. 
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Although  the  equation  can  be  widely  utilized  in  research  on  the  steering  problem,  more 
concise  description  is  desirable,  particularly  for  practical  purposes.  Examining  the  equation 
from  such  a  point  of  view,  it  is  found  that  the  equation  may  be  simulated  by  the  first-order 
equation  as  follows: 

dd 

T  —  a  e  =  Kb  [2] 

dt 

where  T  =  T,  +  T2  -  T3.  This  is  the  first-order  equation  of  motion  in  steering.  It  is  discussed 
in  more  detail  in  Reference  2. 

1.2  INTERPRETATION  OF  KEMPF’S  STANDARD  MANEUVER  RESULTS 
EMPLOYING  THE  FIRST-ORDER  EQUATION  IN  STEERING 

Kempf’s  standard  maneuver  is  practiced  in  the  following  way,  as  is  well-known: 

a.  Set  a  certain  angle  of  helm  (o.g.,  15  deg)  to  starboard; 

b.  When  ship’s  course  deviation  has  reached  this  angle  to  starboard,  reverse  the  helm  to 
the  same  angle  to  port; 

c.  When  the  eourse  deviation  has  reached  the  same  angle  to  port,  reverse  the  helm  again 
to  the  samo  to  starboard,  and  so  on. 

While  actual  maneuvers  of  ships  vary  too  much  to  be  represented  by  a  single  form  of 
steering,  Kempf’s  standard  maneuver  may  be  typical  of  normal  maneuvers.  Consequently  a 
reasonable  approach  may  bo  to  examine  the  reliability  of  the  first-order  Equation  of  Motion 
[2]  referring  to  the  standard  maneuver  results  for  various  types  of  ships.  Figures  1-7  illus¬ 
trate  several  typical  results  of  those  analyses.  Chain  lines  in  these  figures  represent  calcu¬ 
lated  ship  motions,  using  the  equation  of  mo(ion  with  those  A  and  7  values  which  are  deter¬ 
mined  under  the  hypothesis  that  an  observed  ship  motion  may  be  described  by  an  equation 
such  as  Equation  [2].  The  practical  procedure  of  determining  these  K  and  T  values  will  be 
diseussed  later  in  detail.  If  this  calculated  ship  motion  simulates  well  the  observed  ship 
motion,  we  can  confirm  the  hypothesis  and  then  the  reliability  of  the  first-order  Equation  of 
Motion  [2]  and  we  also  may  consider  these  K  and  T  values  as  those  of  a  particular  ship. 

The  present  interpretation  of  steering  motion  is  satisfactory  for  a  ballasted  cargo  boat 
(Figure  1),  a  whale-catcher  boat  (Figure  2),  and  a  Coast  Guard  cutter  (Figure  3).  Generally 
those  ships  with  relatively  large  rudder  sizes  (usual  merchant  ships  in  ballasted  condition 
are  also  included  in  this  group)  are  appropriate  for  the  present  approach  heeause  of  their 
small  T  values.  Another  result  for  a  full-loaded  tanker  (Figure  4)  is  less  favorable,  although 
it  may  still  be  within  a  permissible  tolerance.  Disagreement  of  such  an  order  is  found  com¬ 
monly  for  a  number  of  full-loaded  tankers  and  sometimes  for  full-loaded  cargo  boats.  It  may 
be  related  to  their  large  T  values  and  relatively  considerable  speed  reduction  with  steering. 
Adaptability  of  the  present  approach  for  most  cargo  boats  half  and  full-loaded  is  between  the 
one  for  ballasted  ship  and  full-loaded  tankers,  as  is  shown  in  Figures  5  and  6.  Another  rather 
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Figure  1  —  Standard  Maneuver  Test  for  a  Ballasted  Cargo-Boat 


Figure  2  -  Standard  Maneuver  Tost  for  a  Whale  Catcher 
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Figure  3  —  Standard  Maneuver  Test  for  a  Coast-Guard  Cutter 


•  W' 


Figure  4  -  Standard  Maneuver  Test  for  a  Full-Loaded  Tanker 


I 
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Figure  7  —  Standard  Maneuver  Test  for  a  Train  Ferry 
exceptional  case  is  the  result  for  a  train-ferry  boat  with  twin  screws  and  twin  rudders  (Figure 

7)- 

A  survey  of  these  results  indicates  that  the  present  approach  employing  the  first-order 
equation  of  motion  may  be  satisfactory  to  describe  steering  motion  of  a  ship  as  it  has  been 
predicted  theoretically. 2 

1.3  REPRESENTATION  OF  MANEUVERABILITY  IN  TERMS  OF  PROPOSED 
STEERING  QUALITY  INDICES 

Thp  conclusion  that  motion  of  a  ship  in  steering  may  be  described  essentially  by  the 
first-order  F.quation  [2]  loads  us  to  the  understanding  that  the  dynamic  character  of  a  ship  in 
steering  (viz,  so-called  steering  quality  or  maneuverability)  is  composed  essentially  of  two 
elements:  one  is  turning  ability  (represented  by  K)  and  the  other  is  quick  response  in  steer¬ 
ing  (represented  by  T).  If  a  helm  angle  oQ  is  put  on  suddenly,  the  turning  angular  rate  of  a 
ship  increases  gradually  and  terminally  approaches  A’S0,  as  is  obtained  easily  by  solving 
Equation  [2]  as  follows, 

0(l)=K8o(  l~e~t/T)  [31 


where  S  =  §0  for  l  ^  0,  and 
8  =  0  for  t  <  0. 

The  index  K  indicates  a  ratio  of  a  steady  turning  angular  rate  to  a  corresponding  helm  angle 
and  may  be  called  the  index  of  turning  ability;  the  larger  the  K  value  of  a  ship  is,  the  greater 
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is  tho  turning  angular  rate  to  which  she  approaches  and  then  the  smaller  is  hor  steady  turning 
circle.  On  the  other  hand,  the  rapidity  with  which  a  ship  approaches  the  terminal  angular  rate 
K80  is  defined  by  the  index  T,  as  is  obvious  in  the  solution  [3]  of  Equation  [2].  Thus  T  may 
be  called  the  index  of  quick  response  in  steering;  the  smaller  the  T  value  of  a  ship,  the  quicker 
the  decay  of  e~ ^  ^ ,  and  consequently  also  the  quicker  the  buildup  of  her  turning  angular 
motion  is. 

Considering  that  actual  maneuvering  is  a  ceaseless  succession  of  random  steerings  to 
starboard  and  to  port,  a  quick  response  of  a  ship  to  steering  is  quite  important  for  timely  and 
swift  maneuvering.  Quick  response  and  a  small  turning  circle  do  not  necessarily  accompany 
each  other  but  constitute  two  different  abilities  which  are  clearly  distinct.  Then  it  should  be 
emphasized  that  maneuverability  must  be  expressed  not  merely  by  the  smallness  of  steady 
turning  circle  (greatness  of  K)  but  also  by  the  quick  response  in  steering  (smallness  of  T) 
because  maneuverability  depends  on  a  rapid  display  of  an  inherent  turning  rate  as  well  as  on 
the  greatness  of  the  inherent  turning  rate. 

It  may  bo  an  opportune  approach  here  to  visualize  the  present  representation  of  maneu¬ 
verability  in  terms  of  K  and  T,  employing  several  typical  combinations  of  these  values.  Let 
us  take  the  combinations  as  follows: 


Ship  "h" 

Ship  "B” 

Ship  "C” 

Ship  “D" 

A  0.050 

0.050 

0.065 

0.065  1/ sec 

7  30 

50 

30 

50  sec 

Ship  “  corresponds  to  20,000-DW  Tanker,  and  other  combinations  are  constructed  by  vari¬ 
ation  of  A  and  T  values.  Patterns  of  buildup  of  turning  angular  rate  and  turning  paths  for 
these  cases  are  illustrated  in  Figures  8  and  !>.  A  combination  of  large  A  and  small  T  means 
a  quick  buildup  of  a  powerful  turning,  and  this  is  jusi  the  feature  of  superior  maneuverability, 
because  a  ship  with  such  a  character  (“C”)  may  outdo  other  ships  in  all  phases  of  steering. 
Whereas  a  ship  with  both  smaller  A’  and  T  (Ship  “A”)  is  distinguished  in  the  earlier  phases 
by  her  quick  buildup  of  turning  rate,  after  awhile  her  rival  with  both  larger  A  and  T  (Ship 
“P”)  overtakes  and,  displaying  great  turning  ability,  finally  leaves  Ship  “A”  behind.  It 
should  be  noted  that  “  a  shio  with  both  smaller  K  and  7\  outdoes  her  rival  “D"  so  far  as 
the  earlier  phase  of  motion  is  concerned,  in  spite  of  “A’s”  poor  turning  ability;  that  means  a 
larger  steady  turning  circle.  This  evidently  depends  upon  the  fact  that  Ship  “A”  can  display 
her  inherent  turning  ability  more  quickly  although  the  inherent  turning  rate  is  not  so  large.  Con¬ 
sidering  the  transient  figures  of  actual  maneuvers,  it  is  difficult  to  decide  whether  Ship  “A”  or 
Ship  “D”  has  a  more  desirable  maneuverability  merely  concerning  their  steady  turning  circle. 

In  these  circumstances,  the  present  representation  of  maneuverability  using  the  indices  K  and 
T  may  be  reasonable. 

The  ^uick  response  in  steering  has  been  sometimes  represented  by  “reach”  or  “turning 
lag,”  which  are  defined  in  Figure  10.  These  quantities  may  be  written  simply  in  terms  of  T 
as  follows: 
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Figure  8  -  Buildup  of  Turning  Rate  for  Ships  A,  B, 


C,  and  D 


Figure  9  -  Turning  Paths  of  Ships  A  and  D  by  a  Helm  Angle  of  15  Degrees 


10  —  Reach  and  Turning  I.ag 


l\ 

turning  lag  T  +  —  =  T,  and 


reach 


r  •  r , 


where  l j  is  the  time  spent  to  set  a  helm  angle  (it  is  usually  fairly  small  comparing  T)  and 
V  is  the  ship  speed. 

On  the  other  hand,  steady  turning  radius  R  may  be  expressed  in  terms  of  K\  that  is, 

R  -  V/h'SQ 

where  is  the  helm  angle  used,  in  radians.  Then  in  addition, 


advance 


V  ■  T 


l\5r 


Thus  turning  radius  and  “reach”  or  “turning  lag”  represent,  respectively,  the  turning  ability 
and  quick  response,  just  as  do  the  indices  K  and  T.  Then  it  is  possible  to  represent  maneu¬ 
verability  by  steady  turning  radius  R  and  “reach”  or  “turning  lag”  in  place  of  A  and  T.  To 
use  these  particulars  may  be  sometimes  convenient  because  of  their  extensive  popularity.  It 
should  be  added,  however,  that  the  present  indices  K  and  T  have  a  unique  utility  in  predicting 
its  behavior  of  a  ship  in  steering.  If  the  values  of  the  indices  for  a  ship  are  given,  her  maneu¬ 
vering  motion  for  an  arbitrary  form  of  steering  may  be  predicted,  using  the  Equation  of  Motion 
[2].  The  reliability  of  the  procedure  is  already  indicated  by  the  analyses  of  the  standard 
maneuver  shown  in  Figures  1  to  7. 


| 
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Finally,  let  us  discuss  so-called  “stability  on  course”  and  a  representation  of  it  in 
terms  of  the  present  maneuvorability  index.  This  quality  of  a  ship  relates  to  her  behavior 
after  she  is  disturbed  by  an  external  force  and  deviates  from  a  straight-running  course.  Ac¬ 
cording  to  experience,  the  ease  of  course-keeping  depends  largely  upon  this  quality.  A  rate 
of  heading  deviation  of  most  ships  decays  even  with  their  rudders  amidship  after  the  external 
disturbance  is  removed,  and  finally  they  settle  in  a  straight  running  but  along  a  new  direction 
somewhat  different  from  the  original  course.  A  ship  with  such  a  character  is  called  “stable 
on  course.”  There  is  sometimes,  however,  an  exceptional  ship  whose  heading  deviation  rate 
does  not  decay  after  the  removal  of  the  external  disturbance.  Such  a  ship  is  said  to  be 
“unstable  on  course.”  Experiments  show  that  instability  and  a  very  low  degree  of  stability 
cause  considerable  difficulties  in  course-keeping. 

The  degree  of  stability  on  course  may  be  expressed  by  the  rapidity  of  the  decay  of 
heading  deviation  rate  after  the  removal  of  a  disturbance;  the  quicker  the  decay,  the  higher 
the  stability.  The  Equation  of  Motion  [2]  indicates  that  the  heading  deviation  rate  of  a  ship 
with  a  rudder  amidship  after  the  removal  of  a  disturbance  is  described  as 

9  (t)  ~  60  e~t/T 

whore  f?Q  is  the  heading  rate  caused  by  the  disturbance. 

Then  evidently  the  degree  of  stability  on  course  depends  on  Lhe  rapidity  of  tho  decay  of 
e~t,T ,  which  expresses  just  the  degree  of  quick  response  in  steering.  Thus  the  stability 
on  course  agrees  with  tho  quick  response  in  steering,  and  consequently  the  index  of  quick 
response  T  is  also  that  of  stability  on  course.  The  smaller  the  T  value,  the  more  stable  is  a 
ship  on  course. 

•\  number  of  theoretical  studies  on  steering  of  ships  have  dealt  with  stability  on  course, 
and  most  of  them  have  given  their  stability  indices.  These  indices  and  the  present  index  T 
agree  with  each  other  in  essential  meaning,  excluding  some  nolational  differences.  For  in¬ 
stance,  Davidson’s  stability  index  p,  (Reference  4)  may  be  written  in  terms  of  the  present 
paper  as  follows: 


p. 


1 


T 


where  V  is  the  ship  speed; 

L  is  the  ship  length; 

T '  is  the  index  T  in  a  nondimensional  form;  and  where  T j  has  been  introduced  in 
Section  1.1  briefly. 

In  summary,  it  may  be  concluded  that  maneuverability  of  a  ship  is  reasonably  repre¬ 
sented  by  both  the  index  of  turning  ability  K  and  the  index  of  quick  response  in  steering  and 
stability  on  course  T,  and  that  the  behavior  of  a  ship  in  steering  may  be  predicted  immediate¬ 
ly,  using  these  two  indices. 
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1.4  PHYSICAL  INTERPRETATION  OF  THE  STEERING  QUALITY  INDICES 


A  survey  of  the  form  of  the  first-order  Equation  of  Motion  [2]  leads  us  to  understand 
the  physical  constitution  of  steering  motion  of  a  ship  as  follows: 

a.  A  ship  has  inertia  to  resist  a  turning  angular  acceleration; 

b.  Hydrodynamic  forces  acting  upon  a  hull  and  rudder  induce  a  damping  moment  to  resist 
a  turning  angular  velocity  proportional  to  the  angular  velocity, 

c.  When  putting  on  a  helm  angle,  a  moment  to  produce  a  turning  motion  is  induced  in  pro¬ 
portion  to  the  helm  angle. 

Describing  this  constitution  in  the  form  of  an  equation  of  motion,  we  get 

do 

/  —  +  NO  =  MS 
e  dt 

Then  the  index  T  indicates  a  ratio  of  the  inertia  /  to  the  damping  moment  coefficient  N,  and 
the  index  K  indicates  a  ratio  of  the  turning  moment  coefficient  M  to  the  damping  moment 
coefficient  N . 

It  should  be  noted,  however,  that  a  turning  angular  motion  of  a  ship  is  necessarily 
coupled  by  a  side-drifting  motion.  Consequently  the  inertia  to  resist  turning  acceleration  is 
not  merely  a  moment  of  inertia  of  a  ship  (including  additional  mass)  but  is  composed  also  of 
her  lateral  mass.  In  the  same  manner,  the  damping  moment  acting  upon  a  hull  and  rudder  is 
composed  of  a  hydrodynamic  moment  caused  by  a  turning  angular  motion  and  another  one 
caused  by  a  drifting  motion  accompanied  with  the  angular  motion.  Circumstances  are  similar 
also  for  the  turning  moment  produced  by  steering.  In  these  circumstances  the  foregoing  inertia 
of  a  ship,  the  damping  moment  against  angular  motion,  and  the  turning  moment  by  a  rudder  are 
not  the  ones  for  a  pure  rotational  motion  but  “equivalent”  ones  considering  the  coupling 
between  an  angular  motion  and  a  dritting  motion.  However  the  meaning  of  the  term  ‘‘equiva¬ 
lent”  seems  ambiguous  in  a  strictly  analytical  sense,  it  is  clear,  however,  that  steering 
motion  of  a  ship  may  be  considered  apparently  as  a  pure  rotational  motion  through  using  the 
equivalent  inertia,  damping  moment,  and  turning  moment,  because  the  motion  of  a  ship  in 
steering  can  be  described  essentially  by  the  first-order  Equation  of  Motion  [2].  This  is  the 
fundamental  concept  of  the  first-order  simulation  for  steering  motion  of  a  ship,  and  its  utility 
is  to  simplify  the  treatment  so  as  to  yield  plain  and  essential  descriptions  of  maneuverabili¬ 
ties  of  ships. 

2.  DETERMINATION  OF  THE  STEERING  QUALITY  INDICES  USING 
KEMPF’S  STANDARD  MANEUVER  TEST 

2.1  PROCEDURE  OF  ANALYZING  THE  STANDARD  MANEUVER  TEST 
TO  OBTAIN  THE  STEERING  QUALITY  INDICES 

The  principle  of  the  analysis  is  to  find  those  values  of  the  indices  K  and  T  with  which 
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the  Equation  of  Motion  [2]  may  describe  an  observed  ship  motion  in  the  test.  The  notation 
used  here  is  shown  in  Figure  11. 
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Figure  11  —  Notations  for  Analysis  of  Kempf’s  Standard  Maneuver 

Numbers  indicate  successive  periods  during  a  test 


In  taking  up  the  analysis,  it  should  be  noted  that  a  ship  usually  does  not  keep  a 
straight  course  with  a  rudder  apparently  amidship  (viz,  shown  by  a  helm  indicator)  but  makes 
some  slow  turning  by  reason  of  an  unsymmetric  velocity  field  of  single-screw  race,  small 
missetting  of  a  rudder,  and  other  miscellaneous  factors.  Since  the  equation  of  motion  requires 
naturally  a  straight  running  for  a  rudder  amidship,  it  is  necessary  to  make  some  correction 
upon  an  apparent  (observed)  helm  angle  before  putting  it  into  Equation  [2).  Then  we  put 

5 (t)  -  8m(t)  +  Sr  [4] 

where  8m(t )  is  the  observed  helm  angle,  and 

Sr  is  the  “residual  helm,”  that  is,  the  difference  between  5(0  and  8m(t),  and 
may  be  considered  as  an  unknown  constant  at  the  beginning  of  the  analysis. 

Then  putting  Equation  [4]  into  F)quation  [2],  we  obtain 

dO 

T  -  +  6  =  A'Sr  +  h8m(t) 

dt 


Integrating  both  sides  from  t  =  0  to  t  -  t, 


m  f  /*  t  /•  ' 

I  —  dt  +  6  dt  =  K8r  i  c/i  +  A-  I  8m(t)  dt 

dt  O)  *o  *^o 
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Setting  the  time  origin  at  the  start  of  a  test,  measuring  0(t)  from  the  base  course,  and  provided 
the  ship  is  running  straight  before  the  test  begins,  the  initial  conditions  are 


0=0  and  0  =  0  at  t  =  0. 


Then  we  get 


T  9  +  0  =  K8rt  +  K 


8m(t)  dt 


This  is  the  fundamental  equation  for  the  present  procedure. 
Applying  Equation  [5]  at  i  =  t  ‘  and  t  =  t  ",  we  get 


i 

K8rte'  +  K  | 


8  m(  t)  dt  =  0 


K8rte  "+  K 


8m(l)  dt  =  0 


since  0  =  0  at  these  instants. 

t  '  and  t  .  ... 

f  e  e  8m(t)  dt  mav  be  obtained  through  a  simple  calculation  indicated  later, 

o 

(Refer  to  Section  2.2.)  Then  unknown  quantities  in  these  simultaneous  equations  are  K  and 
5f.  They  may  be  determined  by  resolving  these  equations  simultaneously.  We  call  that  K, 
K  in  after-half  period  in  a  lest,  writing  simply  ^  @  @  • 

Now  applying  Equation  [5]  at  t  =  t  ,  we  get 


8fte  4-  /  e8m(t)  dt 


8  has  been  determined  through  the  above  procedure,  and  J  e  8m(t)  dt  may  be  calculated. 
r  o 

(Refer  to  Section  2.2.)  We  call  this  K,  K  in  earlier-half  period  in  a  test,  writing  simply  A'q  . 

and  A"0  0  are  more  or  less  different  from  each  other  by  reason  of  speed  reduction 
in  a  test  and  nonlinear  effect  for  steering  quality  indices.  Usually  it  may  be  considered  that 
the  mean  value  of  A'0  and  Kq  0  is  a  representative  K  of  a  ship  that  is  tested. 

Next,  applying  Equation  [5]  at  t  =  tQ,  t  =  tQ'  and  t  =  t0",  we  get 


f*° 

- 

(In)  V  J 


8m(t)  dt  +  8 
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T=lkT){\  Sm(t)  dl  +  Vo') 

®  o 

(°  mo  *  *  w) 

since  0  =  0  at  these  instants.  When  carrying  out  the  calculations,  it  may  be  reasonable  to  use 
#0  for  the  first  formula  and  to  use  K®  0  for  the  remaining  two.  The  values  for  G(t0), 
d(t0'),  and  0(to")  may  be  determined  from  the  plot  of  d(t). 

*  i*/ 

fn,  £n  ana  £n 

The  integral  /  0  0  0  8m(t)  dt  may  be  calculated.  (Refer  to  Section  2.2.)  We 

o 

call  the  T  obtained  from  the  first  formula  T  in  earlier-half  period,  writing  simply  Tq  ,  and 
call  the  average  of  T’s  from  the  remaining  two  formulas  T  in  after-half  period  simply  @  • 

The  mean  value  of  70  and  T 0  0  may  be  considered  as  a  representative  T  of  a  ship  that 
is  tested. 

2.2  CALCULATING  TABLE  FOR  PRACTICING  THE  ANALYSIS 

A  trapezoidal  approximation  is  quite  adequate  for  S(t)  produced  by  usual  steering  gears; 
the  error  of  it  does  not  exceod  other  unavoidable  errors.  Then  we  get  formulas  for  calculating 

/  8m(t)  dt  as  follows: 
o 

No.  of  period 
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No.  of  period 


When  carrying  out  the  analysis  following  the  above  procedure,  it  is  convenient  to  utilize  a 
calculating  table.  Table  1  shows  such  a  table  as  to  suit  those  ships  which  have  tf  in  the 
period  (T)  ,  te'  in  (6)  ,  and  t "  in  (8)  ,  as  this  is  the  case  for  most  ships.  If  a  ship  that  is 
tested  does  not  satisfy  this  condition,  the  table  must  be  modified  partially,  according  to  the 

i 

above  formulae,  obtaining  f  dm(l)  dt. 

0 

2.3  RESULTS  OF  THE  ANALYSES  ON  THE  STANDARD  MANEUVER 
TESTS  FOR  APPROXIMATELY  SEVENTY  ACTUAL  SHIPS 

The  Osaka  University  Tank  has  been  collecting  the  standard  maneuver  results  for 
actual  ships  at  sea  and  analyzing  them  following  the  present  procedure.  Table  2  illustrates 
all  reliable  data  obtained  up  to  the  present.  The  notations  used  in  the  table  are  shown  below 
To  construct  a  systematic  knowledge  on  the  steering  quality  indices  K  and  T,  many  more 
similnr  data  are  desirable  as  well  as  systematic  research  employing  self-propelled,  free- 
running  models. 
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TABLE  1 


Calculating  Table  for  Analysis  of  Standard  Maneuver  Test 


Ship  Antoinette 

©4e 

72.9  \ 

33.7 

U  131.9  h, 
u  *0 

-0.917 

4,  6.0  45  166.2 

S,  21.0 

© 

187.5  9/ 

-36.0 

t0‘  261.0  0  ' 

0.833 

4:  46.9  <6  285.9 

S2  -20.6 

'  317.9  0e" 

34.5 

U"  351.3  0, ' 
U  *0 

0.820 

43  58.9  297.9 

S3  20.8 

74  154.2 

S4  -20.8 

‘l 

6.0  i2 

46.9 

4„  154.2 

*6 

285.9 

/I  3.0  <j 

58.9 

ts  166.2 

'7 

297.9 

(^2+  ^3) 

105.8 

«4  +  <5)  320.4 

583.8 

(  )/2 

52.9 

(  )/2  160.2 

(  )/2 

291.9 

T  -  3-° 

(tj+tjV  2  52.9 

(♦)  49.9 

5 j  <+>  1048 


-  lj)/2  -  52.9 

L'  72.9 

U)  20.0 

«,(*)  -  412 


['8dt  636 

o 


52(  )  -  1215 


f  °ov'lt-bl$ 

o 


-124 
-703 
-  0,917 
767 
0.0593 
45.5 


8 j(  )  1048 


-(t2  +  t3)/ 2-  52.9 
(74W5)/2  160.2 
(.)  107.3 

S2(+)  2210 


-(74W5)/2-  160.2 


f<0  6  934  4 

o 

Vo'  -  245  5 

(+)  689  9 

6,  '  0.833 

o 

827 

80' 


® 

/'  S  Jt 

<v 

1048 

© 

137.3  *  AS, 

594  *  K 

=  -36.0 

- 

2210 

© 

317.9-- 

+  1.037 

34.5 

;V2  - 

-  160.2 

317.9 

-  188,833 

-11,444 

,1/2 

291.9 

©* 

187.5 

194,438 

6.469 

ll6*t7)/2  -291.9 
lf"  317.9 

(O  26.0 

S4M  541 

A  S.,'4  1C37 

o  , 

63.4 

S4(  )  -1319 


©  187. 5  >  /\7>r  - 


©  317.9*  AS,,  1.037 


Km  °-04r7 

i  0.0457  -  36.0 

-  27.75  27.75 

8.25 

-  0.0-4 AC 

-  0.0467  *  34.5 

48.43 

-  13.93 

-  0.0438 

K8r  =  -  0.0439 

,5  ,  -  0.939 
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5r 

© 

0.939 

- 

358 

t 

~e 

72.9 

~ 

640 

68.5 

-  0.820 

/ 'Smt/4 

635 

780 

U 

(O 

568 

827 

9 

33.7 

1607 

*'© 

=  0,/(O 

0.0593 
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TABLE  2  (Continued) 


d f 

Bl 

B 

B 

V/L }d 

9 

Bl 

Bl 

Bl 

Bl 

BB 

iM 

■ 

15 

0.050 

11.6 

0.85 

0.68 

3.30 

4.78 

Hi 

H 

1.098 

-15 

0.055 

11.4 

0.93 

0.67 

7.00 

7.32 

9,670 

11.5 

3.103 

1/  71.8 

-15 

0.071 

50.8 

1.34 

2.68 

9.02 

9.02 

20,987 

0.088 

1/  67.1 

-10 

0.053 

47.1 

1.30 

1.92 

Mi 

15 

0.090 

69.2 

1.82 

3.43 

7.30 

7.65 

0.085 

15 

0.067 

43.4 

1.36 

2.20 

7.12 

7.54 

14,400 

15 

0.089 

10 

0.073 

29.7 

1.36 

1.58 

■ 

■ 

mm 

0.061 

1.28 

1.25 

11,800 

13 

0.084 

■ 

B9 

0.059 

1.72 

1.50 

■■■ 

MB 

15 

0.051 

HI 

0.87 

rani 

2.17 

3.96 

1 

9 

-15 

0.049 

8.r 

0.84 

0.48 

10 

71.0 

2.01 

3.77 

7.30 

7.62 

0.100 

-10 

m 

73.6 

1.90 

2.86 

HI 

■B 

H  H 

10 

73.6 

USB 

3.03 

12,353 

-10 

81.2 

m 

3.34 

11 

i. H 

9.980 

11.5  1 

’ "  ■ 

a 

■1 

a 

1 

3 

2.53 

7.59 

7  82 

13.750 

pn 

a 

m 

a 

■ 

1.12 

2.08 

10.81 

10.83 

50,700 

B 

IBM 

m 

B 

IQ 

B9 

Jj 

3 

H 

.9 

IQ 

ran 

j| 

Q| 

HB1 

a 

5-4.4 

1.16 

2.40  j 

n 

B  . 

b 

U 

4  8.3 

10.33 

10.32 

42,9?n 

16.5 

BS 

Ugj 

20 

S 

— 

— 

mm 

IfMS 

2.00 

4.09 

37.695 

15.5 

ffl  : 

in 

0.1763 

1.46 

1.83 

■ 

B 

■ 

15 

0.045 

21.6 

1.09 

0.90 

3.65 

12,800 

13.5 

1 

15 

i  r.v 

41.7 

1.33 

1.73 

10.14 

0.110 

1/72.2 

20 

^^3 

41.9 

1.09 

2.03 

9.29 

9.30 

27.137 

15.9 

0.102 

1/65.3 

IBS 

US 

10.82 

10.83 

50,540 

|  17.8 

0.115 

1/73.2 

U 

IB  ^ 

IEH 

3.07 

5.27 

26,900 

18.0 

0.107 

1/37.5 

15 

11.4 

0.63 

0.49 

10.21 

10.25 

56,250 

17.6 

0.115 

1/71.1 

20 

61.3 

1.33 

2.57 

10.32 

10.32 

56,700 

17.6 

0.115 

1/71.1 

10 

215 

4.08 

9.01 

20 

0.050 

68.7 

1.22 

2.82 

10.43 

10.44 

57.100 

17.2 

0.115 

1/69.4 

35 

0.040 

58.1 

0.97 

2.38 

2.67 

4.89 

21,114 

18.9 

0.104 

EH 

15 

0.038 

10.6 

0.79 

0.51 

15 

0.083 

83.0 

1.86 

3.70 

10.82 

|  13.84- 

4-50.638 

17.4 

0.113 

17  4 

20 

0.056 

59.8 

1.25 

2.67 

f 

15 

IHiflil 

43.9 

9.38 

9.38 

21,000 

12.3 

0.085 

1  83.6 

-  15 

Hi 

32.3 

10.43 

43,100 

■ 

\m 

1/72.1 

10 

0.073 

n 

HU 

3.44 

15 

0.060 

56.5 

1.39 

2.44 

MM 

lliil 

44,090 

16.1 

in 

-15 

0.051 

47.1 

1.17 

IB 

HR 

10 

0.110 

41.6 

1.62 

2.93 

EB 

6,928 

14 

0.114 

1  '51.5 

10 

0.103 

34.6 

1.52 

2.35 

i 

10 

0.094 

72.5 

2.31 

2.96 

9.18 

m 

20,583 

12.3 

0.094 

1  71.8 

Lk 

0.091 

72.4 

2.22 

2.96 
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TABLE  2  (Continued) 


Condition 

LxHxl) 

B 

167  x  22.0  x  12.2 

emigrant  Ship  1/?  F  j  145  »  20.4  »  1 1.9  I  7.20  I  5.50  I  6.35  12,070  19.0  1  0.01  R 

E  migrant  Ship  B  145  »  19^6  |6.71  4.50  5.60  10,100  10.5  0.018 


Trial 

67  .  10.8  >  5.7 

Trial 

41  ■  8.2.  3.75 

F 

_ 

75  •  11.9  -  55 

88-  8.7-  5.4b 

H 

111  -  17.4  .  6.80 

H 

113-15.9-  6.80 

H 

51.5-  7.7-  4.5 

5.50 
_ — _ 

6.35  | 

12,070 

O 

U3 

u-> 

o 

LT5 

10,100 

1 

0.9? 

2.14 

943 

0.59 

_ j 

1.42 

270 

4.78 

4.79 

3,222 

0.053  11.8 

0.080  19.2 " 

0.066  18.4 


0,78  0,80 

1.03  1.12 

1.12  1.08 


1'23.3  1-15 

'iTs 

1  '19.5  ,  .  i  c 


0.070  |  5.1  0.70  0.51 


1 23.1 


1/40  |  10 

I  20 

30 


0.096  3.5 

0.091  J.8 

0.077  25.4 

0.093  22.9 

0.152  8.8 

0.125  4.4 

0.165  11.1 

0.130  5,3 

0.096  22.6 


0.206  13.1 

0.162  12.2 
0.155  13.8 


0.69  0.49 

0.66  0.53 

1.1  1.75 

1.4  1.58 

1.12  1.20 

0.8 1  0.67 

1.22  1.50 

0  84  0.81 

1.44  1.51 

4.4  7  7.30 

1.56  1.62 

1.42  1.39 

1.55  1.38 


Kinds  of  Ships' 

C  is  cargo  boal.  T  is  lanket.  W  is  whale-catcher  boat 
Condition  at  Test. 

B  is  ballasled.  F  is  full-loaded.  H  is  half-loaded. 

Parliculats  of  Ships'. 

/„  is  length  between  P.P.  77  is  moulded  breadth.  I)  is  deplh.  dj,  rfo,  and  d  are  drafl  at  F P , 
(These  dimensions  are  atl  in  meters.) 

A  is  displacement  weight  in  metric  Ions.  V  is  displacement  votume  in  cubic  melers.  AR  is 
V  reoresenls  ship  speed  in  meters  pet  second.  represents  ship  speed  in  knots. 

Steering  Quality  Indices  and  Helm  Angle  Used: 


AP  and  mean  draft,  respectively, 
rudder  area  in  square  melers. 


(This  nondimcnsionalizalion  is  discussed  in  Section  3.1.) 
8  is  used  helm  angle,  positive  Io  starboard,  in  degrees. 
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3.  SYSTEMATIC  FORMULATION  OF  THE  STEERING-QUALITY  INDICES 
AS  FUNCTIONS  OF  HULL  AND  RUDDER  PARTICULARS 


It  may  be  of  both  practical  and  theoretical  interest  to  formulate  the  steering-quality 
indices  as  functions  of  hull  and  rudder  particulars  (viz,  relative  rudder  sizes,  slenderness 
factors  of  hulls,  and  so  on)  and  then  to  provide  an  approach  of  predicting  maneuverability  of 
a  ship  when  these  particulars  are  given.  While  this  attempt  seems  to  be  rather  too  ambitious 
to  obtain  complete  success  so  easily,  the  use  of  the  present  indices  K  and  T  may  be  one  of 
the  most  promising  approaches.  This  chapter  relates  to  such  a  formulation  of  the  steering 
quality  indices  based  on  the  analyses  of  Kempf’s  standard  maneuver  for  actual  ships  illus¬ 
trated  in  Section  2,  sometimes  referring  to  results  of  several  self-propelled,  free-running  model 
tests.  The  formulation  yields  a  rough  estimation  of  the  indices  K  and  T  and  then  a  brief  pre¬ 
diction  of  turning  ability,  quick  response,  and  stability  on  course  for  usual  merchant  ships  in 
full  and  half-loaded  conditions.  Similar  formulation  for  other  groups  of  ship  types  may  also 
be  provided  in  the  same  manner  if  adequate  data  for  those  ships  are  given. 

3.1  NONDIMENSIONAL  EXPRESSION  OF  THE  INDICES  K  AND  r 

The  physical  interpretation  of  the  indices,  discussed  in  Section  1.4,  indicates  that: 

.  1/  'e 

A  -  and  T  - , 

N  N 

where  St  is  a  coefficient  of  turning  moment  caused  by  steering  and  <V  is  a  coefficient  of 
damping  against  turning  motion,  and  where  1  r  represents  the  inertia  of  a  ship,  as  has  been 
discussed  in  detail. 

A  nondimensional  representation  of  the  damping  moment  NO  may  be  written  as 


2 


where  L  is  the  ship  length, 
d  is  the  mean  draft, 

V  is  the  ship  speed, 

C ^ r  is  the  nondimensional  damping  moment  coefficient, 
R  is  the  instantaneous  turning  radius, 

'  L 


and  then 


R 


is  the  nondimensional  turning  angular  velocity. 


Considering  that  RO  =  V,  we  obtain 


/V  =  — -  L3d  ■  V  ■  C. 
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Similarly  nondimensionalizing  the  turning  moment  caused  by  steering,  we  get 


P 

¥ 


MS 

L2dV2 


8 


where  C ^  is  the  nondimensional  turning  moment  coefficient.  Then  M  ~  L2dV 2  ■  Cy. 
Consequently,  nondimensional  representation  of  K  is  obtained  as  follows: 


denoting 


by  A", 


C 


w 


C 


N 


A. 


Next,  nondimensionalizing  I  e  by  dividing  ~  L4d  considering  le  has  a  dimension  of  a 
moment  of  inertia,  wo  get 


/  — —  L\i  r 
c  O  ' 


where  C ^  is  the  nondimensional  inertia  of  a  ship. 
Thus  we  obtain  nondimensional  T  as  follows. 


denoting  -  by  T ', 

CN 


c 


1 


T. 


3.2  K-T  DIAGRAM  -  CORRELATION  BETWEEN  INDICES  K  AND  T 

Surveying  the  physical  constitution  of  the  indices  K  and  T,  we  find  immediately  that 
these  two  indices  have  a  common  denominator  and  therefore  they  are  in  a  proportional  relation. 
That  is, 

C  u  Cj 

K'=  —  and  T'= - , 

CN  CN 

therefore 
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Considering  that  a  normal  force  per  unit  area  of  a  rudder  is  almost  invariable  for  all 
usual  ships  with  a  similar  stern  arrangement,  the  numerator  CM  (that  is,  the  nondimensional 
turning  moment  coefficient)  may  be  proportional  to  a  relative  rudder  size  AR/L •  d  with  an 
almost  invariable  proportionality  constant,  where  AR  represents  a  rudder  area.  On  the  other 
hand,  C{  may  be  nearly  proportional  to  V/L2d  where  V  represents  a  displacement  volume, 
because  0j  has  been  introduced  through  dividing  an  inertia  of  ship  by  —  L4d,  and  because 
a  ratio  of  a  radius  of  gyration  to  a  ship  length  is  nearly  invariable  for  all  usual  ships,  say, 
about  0.25.  Then  we  get 

/almost  invariable  constant)  L2d 

1  “  ^  for  all  usual  ships  J  x  ~[Td  *  V  *  ^  ^ 

Figure  12  illustrates  this  relation  for  K '  and  T '  of  approximately  sixty  merchant  ships  (refer 
to  Table  2),  which  have  been  obtained  through  Kempf’s  standard  maneuver  test,  while  in  the 
figure  a  reciprocal  expression  is  taken  for  convenience  of  illustration.  Namely,  plotting 


Figure  12  —  K-T  Diagram  (Actual  Ships) 


— —  against  — r,  plotted  points  gather  along  a  straight  line  passing  through  the  origin,  the 

gradient  of  which  indicates  the  foregoing  "almost  invariable  constant”  but  reciprocally. 
Taking  account  of  detailed  differences  in  hull  forms  and  rudder  constructions  among  these 
ships  and  also  of  degrees  of  reliabilities  of  tests  at  sea  which  may  be  sometimes  spoiled 
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because  of  weather  conditions  and  personal  errors,  it  may  be  considered  that  this  result 
assures  the  validity  of  the  foregoing  reasoning  on  the  whole. 

Another  similar  result  for  a  self-propelled,  free-running  model  of  a  supertanker  with 
alternative  rudder  sizes  and  various  helm  angles  is  shown  in  Figure  13.  The  result  naturally 
is  more  satisfactory  because  a  single  hull  form  was  used  and  test  conditions  were  much  better. 
The  gradient  of  the  straight  line  in  Figure  13  equals  that  of  Figure  12.  The  frequency  re¬ 
sponse  test  described  in  Figure  13  is  a  somewhat  different  test  procedure  from  KernpFs 
standard  maneuver,  and  the  indices  obtained  through  it  correspond  to  the  ones  for  very  small 
helm  angle.  (Refer  to  Reference  2.) 


ArL 

K'r 


J  siitf/e  scttw, 
twin  rudders 


7  IS 


Standard  Manoeuvre, 
anjle  ot  helm  IS  d  20 


V  Frequency  Response  Test 

o.s 


'/f 


10 


Figure  13  —  K-T  Diagram  (a  Model  of  a  Supertanker) 

The  fact  that  K'  and  T'  of  a  ship  are  connected  to  each  other  through  the  relation  [6] 
provides  important  conclusions  as  follows: 

1.  The  turning  ability  and  quick  response  in  steering  or  stability  on  course,  which  are  the 
two  essential  abilities  of  a  ship  in  steering,  are  not  independent  of  each  other  but  are  bounded 
largely  through  the  relative  rudder  size. 

2.  in  consequence,  if  the  relative  rudder  size  is  kept  constant,  an  improvement  of  turning 
ability  (increase  of  K)  injures  quick  response  in  steering  and  stability  on  course  (increase  of 
T),  and  vice  versa. 

3.  When  one  of  the  indices  K'  and  T'  is  known,  the  other  one  may  be  estimated  through 
this  relation. 
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Referring  to  Figure  13,  the  results  for  different  helm  angles  used  in  the  tests  corre¬ 
spond  to  different  points  but  along  the  straight  line.  This  means  that  the  indices  K  and  T 
vary  with  holm  angles  used  so  as  to  keep  the  proportional  relation  between  them  invariable. 
These  circumstances  are  also  found  in  the  results  for  actual  ships  illustrated  in  Figure  12. 
The  variation  of  K  and  T  with  helm  angles  used  is  considered  to  result  from  the  so-called 
nonlinear  effect  in  steering  quality,  which  means  a  variation  of  coefficients  in  linear  equa¬ 
tions  of  steering  motion  depending  largely  on  the  intensity  of  motion.  The  effect  for  normal 
ships  is  fairly  great  so  that  the  steering  quality  indices  may  be  better  defined  by  specifying 
a  degree  of  intensity  of  motion,  say,  for  a  hard-over  steering,  a  moderate  one,  or  a  course¬ 
keeping  motion. 

The  variation  of  the  indices,  as  pointed  out  previously,  indicates,  concerning  tho 
nonlinear  effect,  that: 

1.  The  larger  the  holm  angle  used,  the  more  intense  is  the  ship  motion.  The  smaller  the 
index  K,  the  smaller  is  the  turning  rate  produced  by  a  given  helm  angle.  The  smaller  tho 
index  T,  the  more  stable  is  a  ship  on  course  and  also  the  quicker  is  her  response  in  steering. 


2.  Since  the  variation  of  the  indices  is  the  same  for  each  so  as  to  keep  the  proportional 
relation  between  them,  the  nonlinear  effect  results  largely  from  a  variation  of  C^\  namely, 
that  of  a  hydrodynamic  damping  coefficient  against  turning  motion. 


The  first  conclusion  agrees  with  experiments,  and  the  second  seems  to  have  a  meaning 
worthy  of  notice  concerning  the  nonl inoar  effect  in  steering  motion. 

Figures  12  and  13  remind  us  of  a  figure  presented  by  Davidson  and  Schiff  (viz,  Figure 


3  of  Reference  4)  which  illustrates  I —  I  x  (relative  rudder  size)  against  their  stability 


index  p  .  Then  I)  represents  the  turning  diameter,  and  L  the  ship  length.  The  value  I —  I 

1  \  L  /  min 

is  proportional  to  — •  considering  that  the  maximum  angle  of  helm  is  constantly  35  deg  for 
K'  1  . 

all  ships,  and  p j  is  nearly  equal  to  -  —r ,  as  shown  in  Section  1.3.  In  addition,  differences 

among  V/L2d  of  usual  ships  are  fairly  small.  Thus  tho  figure  of  Davidson  and  Schiff  and  the 
K-T  diagram  are  essentially  similar  expressions.  In  the  former  expression,  however,  stability 
on  course  at  straight  running  and  turning  ability  at  the  hardest  holm  are  related.  This  is  the 
reason  Davidson’s  plotting  line  does  not  pass  the  origin.  Considering  remarkable  nonlinear 
effect  for  steering  quality,  it  seems  more  reasonable  to  relate  stability  on  course  (or  quick 
response)  and  turning  ability  under  the  same  condition,  as  is  done  in  the  K-T  diagram. 


3.3  TURNING  RESISTANCE  AS  A  FUNCTION  OF  RUDDER  AREA  AND  HULL 
SLENDERNESS  FACTOR  -  ESTIMATION  OF  THE  STEERING  QUAUTY 
INDICES  K  AND  T 


The  foregoing  discussion  shows  that  K’  =  -  and  Cy 


able  constant.  Then  we  get. 


K'-  Ld 


AR 

— — -  with  a  nearly  invan- 
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Namely,  — — —  may  be  proportional  to  the  nondimensional  coefficient  C/v  of  a  hydrodynamic 
K  ■  Bd  •  ' 

damping  moment  to  resist  turning  motion,  that  may  be  called  simply  “turning  resistance,”  with 
a  nearly  invariable  proportionality  constant  over  usual  ships  with  a  similar  stem  arrangement. 

AR  ar 

Figure  14  illustrates  — — —  against  — -  for  a  number  of  merchant  ships  full  or  half- 

K  '•  Ld  L  •  d 

loaded  in  Table  2.  The  figure  indicates  that  turning  resistance  of  a  ship  is  essentially  deter- 

•*  •  y  • 

mined  by  her  relative  rudder  size  and  is  affected  to  some  extent  by  a  slenderness  factor  of  a 
hull  y/L2d.  Although  other  particulars,  for  instance,  trim,  C  L,  B/d,  and  so  on,  may  of  course 
affect  the  turning  resistance,  the  effect  of  the  slenderness  factor  seems  to  be  dominant  so  far 
as  the  data  for  full  or  half-loaded  merchant  ships  are  concerned. 


V  300  ZiOO  */60  Zoo  Z30 

_ 1 _ i_i _ 1 _ 1 _ 1 _ 1 _ 1 _ 


Figure  14  —  Turning  Resistance  as  a  Function  of 
Relative  Rudder  Size  and  Hull  Slenderness 

According  to  the  figure,  a  ship  has  a  generally  negative  turning  resistance  and  conse¬ 
quently  is  unstable  on  course  by  her  hull  alone  but  is  stabilized  by  adding  a  rudder  of  the 
proper  size.  Here  the  question  arises:  Why  does  a  rudder  contribute  to  turning  resistance? 
The  answer  is  as  follows.  As  soon  as  a  ship  enters  into  a  turn,  drifting  motion  appears  and 
accordingly  the  angle  of  incidence  of  current  to  a  rudder  decreases,  which  in  turn  yields  a 
reduction  of  lateral  force  and  turning  moment  caused  by  the  rudder.  This  reduction  of  turning 
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moment  may  be  considered  as  a  resisting  moment  against  turning.  This  damping  effect  caused 
by  a  rudder  with  ship  motion  may  be  understood  more  naturally  by  assuming  that  a  ship  with 
her  rudder  amidship  is  disturbed  from  a  straight  running.  Circumstances  are  quite  similar, 
however,  even  in  cases  where  a  certain  helm  angle  is  present.  In  other  words,  a  normal  force 
acting  upon  a  rudder  may  be  considered  to  be  composed  of  two  parts:  one  is  proportional  to  a 
helm  angle  and  in  no  relation  to  ship  motion,  and  the  other  is  proportional  to  a  drift  angle  at 
rudder  position  (consequently  nearly  to  turning  angular  velocity)  and  in  no  relation  to  a  helm 
angle.  All  linear  treatments  on  steering  motion  have  been  originally  based  upon  this  concept, 
whether  or  not  specifying  so.  The  former  part  is  represented  by  terms  proportional  to  a  helm 
angle,  and  the  latter  is  usually  included  in  terms  describing  hydrodynamic  forces  acting  upon 
a  hull. 

At  any  rate,  it  should  be  carefully  noted  that  utility  of  a  rudder  is  not  merely  to  produce 
a  turning  moment  but  also  to  provide  a  damping  against  turning  motion,  which  is  so  considera¬ 
ble  that  most  ships  may  be  almost  unstable  on  course  without  rudders.  Then  obviously  quick 
response  in  steering  is  also  provided  by  a  proper  size  of  rudder,  since  this  ability  is  originally 
the  same  one  with  stability  on  course,  as  is  discussed  in  Section  1.3.  In  this  connection,  it 
is  important  to  take  account  of  the  stabilizing  effect  of  a  rudder  as  well  as  of  turning  ahility 
in  selecting  a  rudder  size;  particularly  in  merchant  ships,  the  stabilizing  effect  of  the  rudder 
may  be  »he  major  consideration. 

The  plotted  points  of  Figure  14  have  been  obtained  from  the  standard  maneuvers  using 
a  helm  angle  of  10  deg.  Plc.Uing  also  It's  obtained  from  the  maneuver  tests  with  larger  helm 
angles  in  the  same  form,  the  mean  lines  of  the  plotted  points  have  a  tendency  to  shift  upwards 
and  nearly  in  parallel,  as  is  shown  in  Figure  14  by  chain  lines.  This  tendency  indicates  that 
turning  resistance  is  not  quite  proportional  to  angular  velocity,  as  is  known  as  nonlinear  effect 
in  steering  motion.  (Refer  to  the  last  section.) 

A  practical  use  of  the  figure  is  to  estimate  roughly  the  index  A"  of  a  given  ship  knowing 
her  relative  rudder  size  and  slenderness  factor  V/L2d.  Then  taking  the  A"  value,  T'  of  the 
ship  may  also  be  estimated  using  the  K-T  diagram  (Figure  1?).  This  is  the  proposed  procedure 
of  predicting  the  maneuverability  of  a  given  ship.  Accumulating  much  more  data  of  this  kind, 
the  procedure  may  be  expected  to  become  more  reliable  and  more  widely  practicable. 

CONCLUSIONS 

1.  Referring  to  analyses  of  Kempf’s  standard  maneuver  tests  for  various  types  of  ship;,, 
the  steering  motion  of  ships  may  well  be  described  by  the  first-order  equation  of  motion 

d0 

T -  +  0  =  KS  [2] 

dl 

as  has  been  predicted  theoretically  in  Reference  2. 
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2.  Maneuverability  of  a  ship  may  be  described  essentially  by  the  index  of  turning  ability 
K  and  the  index  of  quick  response  in  steering  and  also  of  stability  on  course  T. 

3.  Given  the  indices  K  and  T,  the  motion  of  a  ship  in  response  tc  a  given  steering  may  be 
predicted  with  fair  reliability. 

4.  A  procedure  of  analyzing  Kempf’s  standard  maneuver  test  has  been  devised,  and  a 
calculating  table  for  the  purpose  has  been  presented.  The  procedure  has  been  practiced  for 
results  of  standard  maneuvers  for  approximately  seventy  ships,  and  the  obtained  steering 
quality  indices  K  and  T  have  been  illustrated  in  Table  2.  Examination  of  the  data,  sometimes 
considering  also  experimental  results  for  self-propellod,  free-running  models,  yields  the 
following  conclusions. 

5.  The  indices  K  and  T  are  in  a  proportional  relation  as  follows: 

almost  invariable  constant 
for  all  usual  ships 

This  relation  indicates  that  an  improvement  of  turning  ability  injures  quick  response  and 
stability  on  course,  and  vice  versa,  so  far  as  a  relative  rudder  size  is  kept  constant. 

6.  Tho  more  intense  the  ship  motion  is,  tho  smaller  is  the  turning  rate  producible  by  a 
given  helm  angle  and  the  more  stable  is  a  ship  on  course  and  also  the  quicker  is  her  response" 
in  steering.  This  phenomenon,  known  as  nonlinear  effect  in  steering  motion,  results  largely 
from  a  variation  of  a  hydrodynamic  damping  coefficient  against  turning  motion. 

7.  The  hydrodynamic  damping  depends  largely  upon  relative  rudder  sizes  and  to  some 
extent  upon  hull  slenderness  factors  V/L?d.  Most  ships  are  almost  unstable  on  course  by 
her  hull  alone  and  are  stabilized  through  adding  a  proper  size  of  rudder.  Then  obviously 
quick  response  in  steering  is  also  provided  by  a  proper  size  of  rudder,  since  this  ability  is 
originally  the.  same  with  stability  on  course,  as  has  lieen  discussed  in  Section  1.3.  In  this 
connection,  it  is  important  to  take  account  of  the  stabilizing  effect  of  a  rudder  as  well  as  tho 
turning  ability  in  selecting  a  rudder  size. 

8.  A  procedure  of  estimating  roughly  the  steering  quality  indices  for  a  given  ship  is  first 
to  find  A"  from  Figure  14  knowing  the  relative  rudder  size  and  slenderness  factor  v/L2d ,  and 
then  to  find  T'from  Figure  12  (13)  using  the  previously  determined  A". 


lR 


L2d 

x - x  T' 

L-d  v 


ACKNOWLEDGMENT 


Acknowledgment  is  made  of  the  cooperation  by  the  staff  of  the  Osaka  University  Tank. 


REFERENCES 


1.  Kempf,  G.,  “Measurements  of  the  Propulsive  and  Structural  Characteristics  of  Ships,” 
Transactions,  Society  of  Naval  Architects  and  Ma-'^e  Engineers  (1932). 

2.  Nomoto,  K.,  et  al.,  “On  the  Steering  Qualities  of  Ships,”  International  Shipbuilding 
Progress,  Vol.  4,  No.  35  (July  1957),  or  alternatively,  Nomoto,  K.,  “Frequency  Response 
Approach  on  Steering  Qualities  of  Ships,”  Technology  Reports  of  the  Osaka  University, 

No.  294  (1958). 

3.  Motora,  S.,  “Course  Stability  of  Ships,”  Journal,  Society  of  Naval  Architects  of  Japan, 
Vol.  77  (1946). 

4.  Davidson,  K.  and  Scliiff,  L.,  “Turning  and  Course-Keeping  Qualities  of  Ships,” 
Transactions,  Society  of  Naval  Architects  and  Marine  Engineers  (1946). 


304 


CONTROL  OF  ROLL  DAMPING  SYSTEM 


by 


Peter  Du  Cane 

Managing  Director  and  Naya!  Architect 
Vosper  Ltd.,  Portsmouth,  England 


and 


Ranald  H.  Dadd 

Electronics  Engineer 
Vasper  Ltd-,  Portsmouth,  England 


SUMMARY 


Mere  arc  described  some  of  the  considerations  involved  in  deciding  upon 
the  optimum  combination  of  control  signals  for  use  in  conjunction  with  the  roll 
damping  servomechanism  involved  when  using  activated  fins. 

The  usual  sensing  device  consists  in  a  gyroscope  sensitive  to  rolling 
velocity,  but  it  can  be  shown  both  mathematically  and  by  moans  of  an  electronic 
analogue  that  there  is  merit  in  using  signals  proportional  to  rolling  acceleration 
and/or  .roll  angle. 

By  means  of  the  analogue  technique,  the  effect  of  limiting  fin  capacity 
is  shown,  as  well  as  the  effect  of  lag  in  response. 

It  is  shown  that  the  use  of  phase  advance  can  improve  performance  where 
lag  exists.  This  result  can  also  bo  achieved  around  the  natural  rolling  frequency 
by  inclusion  of  the  acceleration  term. 

An  approach  to  reproduction  of  the  random  sea  is  obtainod  by  superim¬ 
posing  a  complex  consisting  of  a  numbor  of  sinusoids  of  varying  frequencies. 

In  this  report  the  effect  of  feodahoad  is  not  discussed  though  it  is 
considered  worthwhile  to  study  this  possibility.  A  further  valuable  feature 
could  consist  in  an  arrangement  whereby  the  loop  ratio  of  the  various  signals 
could  be  varied  over  the  working  range  of  frequencies,  so  that  an  optimum 
setting  can  be  maintained  in  all  working  conditions. 


As  may  be  readily  understood,  the  control  of  a  roll  damping  system  in  such  a  manner  as 
to  produce  optimum  results  in  roll  reduction  represents  an  engineering  problem  of  outstanding 
importance. 

Most  systems  consist  in  what  is  usually  termed  feedback  control,  where  a  rate  gyro 
or  other  sensing  device  signals  a  difference  from  the  desired  velocity  (which  will  be  zero)  to 
the  servomechanism.  This  can  be  effected  in  practice  in  various  ways  which  will  be  de¬ 
scribed  later,  but  essentially  it  is  necessary  for  the  ship  to  move  in  the  rolling  plane  before 
any  corrective  moment  can  be  applied  by  means  of  the  fins. 

Another  and  perhaps  more  effective  control  could  bo  effected  by  what  is  termed 
feedahead.  Here  the  disturbing  moment  is  detected  before  the  ship  has  responded  and  if 
feedahead  is  found  practicable  it  has  much  to  recommend  it. 

Considered  in  its  elements,  the  problem  consists  in  knowing  the  instantaneous  magni¬ 
tude  of  the  disturbing  moment  applied  or  likely  to  be  applied  to  the  ship  in  the  course  of  its 
passage  through  or  across  a  wave  system. 

^References  are  listed  on  page  321. 
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With  this  knowledge,  it  would,  in  theory  at  least,  be  possible  to  provide  by  some 
means  an  equal  and  opposite  moment  applied  to  the  ship,  which  would  result  in  a  complete 
elimination  of  rolling.  In  fact,  the  roll  would  be  killed  before  it  could  start. 

This  ideal  situation  is,  however,  difficult,  if  not  impossible,  to  achieve  in  practice. 
Supposedly  it  would  be  possible,  though  rather  difficult,  to  arrive  at  the  heeling  moment  ap 
plied  by  the  waves  to  the  ship  as  the  result  of  an  integration  of  the  pressure  over  the  whole 
underwater  surface  of  the  ship  at  both  sides. 

The  difference  in  hydrostatic  head  and  therefore  waterline  level  between  one  side  of 
the  ship  and  the  other  will  give  an  indication  of  instantaneous  wave  slope  relative  to  the  ship.* 

This  could  be  formed  by  fitting  pressure  transducers  at  appropriate  points  on  each  side 
of  the  hull.  A  measurement  of  the  pressure  difference  between  one  side  and  the  other  should 
provide  information  as  to  the  immersion  and  therefore  effective  wave  slope.  If  the  wave  slope 
relative  to  the  horizontal  is  <t>  ship’s  vertical  axis  relative  the  true  vertical  is  0  then  the 
angle  measured  from  the  pressure  differences  will  be  <t>  +  0. 

To  find  4>  therefore  0  should  be  added  or  subtracted  as  appropriate. 

Up  to  date  the  most  practical  means  of  applying  a  restoring  moment  resulting  from  a 
feedback  signal  has  been  found  to  consist  in  the  technique  of  rotating  fins  or  hydrofoils  in 
such  a  manner  that  a  lift  force  is  developed  due  to  the  angle  of  incidence  with  the  local  flow. 
This  lift  force  can  be  used  as  a  restoring  moment. 

To  a  very  reasonable  approximation,  the  lift  force  for  given  flow  velocity  will  bo  pro¬ 
portional  to  angle  of  incidence  within  the  stall-free  range.  If  the  fin  is  placed  at  an  angle  of 
attack  proportionate  to  velocity  of  roll,  which  is  also  conveniently  enough  found  to  ho  propor¬ 
tional  to  the  angle  of  precession  of  a  gyroscope  whose  axis  lies  in  the  athwartship  plane,  we 
shall  go  quite  a  long  way  toward  reducing  the  roll.  The  amount  of  residual  roll  will,  of  course, 
depend  upon  the  power  of  the  fins  as  well  as  the  lay  in  fulfilling  the  commands  of  the  rate  gyro. 

In  practice  there  is  a  limit  to  the  size  of  the  fins  so  that  our  problem  consists  in  making 
the  best  use  of  the  fin  sizes  available  and  practicable. 

Although  this  is  nuite  a  neat  solution  to  the  feedback  control  problem,  the  rate  gyro 

-  « 

cannot  in  fact  produce  an  instantaneous  moment  in  the  restoring  direction  unless  we  make  the 
assumption  that  infinite  fin  power  is  available  and  that  lay  is  nonexistent.  Knowing  out  prac¬ 
tical  limitations  in  the  matter  of  fin  size  nnd  the  inevitable  delay,  however  slight,  in  fulfilling 
orders  of  the  control  signal,  we  must  consider  the  extent  to  w'hich  a  rate  gyro  will  accomplish 
its  job  of  roll  reduction: 

We  can  write  the  equation  for  ship  rolling  in  a  seaway  as  follows: 

(J>  AGM  +  D<t>  =  JO  +  DO  +  A GMO 

when  <t>  =  wave  slope  of  sea, 

0  roll  angle  of  ship, 


♦It  has  to  be  realized  that  the  pressures  sensed  by  transducers  at  the  ship’s  side  will  be  affected  by  the  shape 
of  the  ship’s  wave,  also  by  transient  and  random  velocity  heads  due  to  orbit  velocities  in  waves. 
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J  =  the  inertia, 

A  =  the  displacement  of  the  ship, 

GM  -  distance  between  metacenter  and  center  of  gravity  of  ship,  and 

D  =  the  natural  viscous  damping  of  the  vessel. 

Making  various  simplifying  assumptions  which  include  sinusoidal  motion  of  disturbing 
moment  due  to  waves,  we  can  obtain  the  ratio  of  roll  angle  to  wave  slope  for  the  case  of  the 
ideal  rate  control 

Q  1+/2  i/>Nx 

^  i-*2  +/2z  (<PN  +  <PF) 

where  tp N  =  ratio  cf  natural  damping  to  critical  damping, 

and  ip p  =  ratio  of  rate  controlled  fin  moment  to  critical  damping  moment,  and 

x  -  ratio  of  frequency  cf  wave  encounter  to  natural  rolling  frequency. 

If  we  add  an  acceleration  term  to  the  signal,  this  equation  becomes: 

6  1+/2i£nz 

^  1-  (1+  A)x2  +j2x  +  tf>F) 

0 

Values  of  —  are  plotted  for  a  range  of  values  of  x  (see  diagram)  for  three  conditions 
whce  (1)  no  roll  damping  fins  are  operative;  (2)  where  roil  damping  fins  of  ideal  character¬ 
istics  are  operated  by  signals  fiom  a  rate  gyro  (i.o.,  the  fins  are  moved  proportionately  to 
rolling  velocity);  and  (3)  where  fins  are  operated  by  signals  proportionate  to  both  velocity 
and  acceleration. 

It  will  be  observed  from  Figure  1  that  for  this  somewhat  hypothetical  case  tho  addition 
of  the  acceleration  term  increases  the  residunl  roll,  i.e.,  reduces  effectiveness  in  comparison 
with  the  velocity  term  only  for  frequency  of  encounter  less  than  that  of  the  natural  rolling  fre¬ 
quency,  while  improved  performance  can  be  anticipated  for  higher  frequencies  of  encounter. 

In  other  words,  the  acceleration  term  is  only  of  value  in  this  idealized  case  for  the 
higher  frequency  cases  where  short  periods  of  wave  encounter  a  ship  of  greater  natural 
rolling  period. 

For  tho  lower  frequencies  of  encounter,  an  equivalent  effect  in  reducing  the  residual 
roll  can  be  achieved  by  a  signal  proportional  to  roll  angle  from  a  positional  gyro  or  pendulum. 

It  must  immediately  be  said  that  this  case  is  not  by  any  means  of  necessity  the  state 
of  affairs  met  with  in  the  random  sea  of  nature. 

The  amount  to  which  the  realistic  sea  input  departs  from  the  sinusoidal  model  is  a 
matter  of  some  conjecture  and  will  probably  require  the  reduction  of  much  statistical  data 
before  anything  approaching  a  precise  answer  can  be  given. 

However,  it  should  be  mentioned  that  Mr.  John  Beli,  who  has  been  mainly  responsible 
for  the  design  of  the  Muirhead  gyros  we  use,  is  clear  that  the  use  of  compensated  control 
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pjgnfO  1 

offers  substantial  advantage  in  this  respect.  Mr.  Bell  claims  that  the  classic  sinusoidal  as¬ 
sumption  is  replaced  in  practice  by  an  aperiodic  motion  so  that  the  acceleration  term  will 
prove  highly  effective  in  putting  the  fins  into  the  correct  position  to  generate  a  stabilizing 
moment  at  an  earlier  moment  than  would  be  the  case  where  a  rate  term  only  was  used. 

There  are  various  melt  which  .  n  be  used  to  insert  an  acceleration  term  in  the  con¬ 
trol  signal.  The  easiest  and  one  which  is  quite  frequently  used  in  other  servocontrol  systems 
such  as  guided  missiles,  etc.  is  to  differentiate  electronically  from  the  rate  signal,  thereby 
obtaining  a  value  for  acceleration. 

The  method  used  by  Muirhead  is  to  differentiate  by  moans  of  mechanical  linkage;  alter¬ 
nately  it  is  not,  of  course,  impossible  to  provide  an  angular  accelerometer. 

In  an  effort  to  arrive  at  an  idea  qualitatively  as  to  how  much  advantage  in  terms  of  roll 
reduction  we  can  anticipate  by  adding  to  the  control  signal  terms  proportional  to  acceleration 
and/or  amplitude  of  roll,  Vosper  has  investigated  the  matter  on  an  Electronic  Analogue. 

MATHEMATICAL  REPRESENTATION  OF  THE  ROLLING 
SHIP  IN  A  WAVE  INFLUENCED  BY  A  ROLL  DAMPING  SYSTEM 

The  ship  rolling  in  a  seaway  was  assumed  to  be  a  body  with  inertia,  natural  stability, 
and  viscous  damping  relative  to  the  forcing  function.  Thus  basically,  the  equation  of  the 
vessel  is  of  the  form: 

Forcing  function  =  JO  +  A GMO  +  D  (6  -  4>) 
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In  the  case  of  a  ship  rolling,  the  forcing  function  is  due  to  the  wave  slope  of  the  sea 
and  so  the  equation  becomes:.- 


-  <PD  =  JO  +  AGM  Q  +  DO 


(bearing  in  mind  that  for  S.II.M.  -  =  to  2) 

J 

This  equation  may  be  normalized  by  dividing  all  through  by  J  to  become: 

<l>  +  <t>  2  ip N  o)Q  =  8  +  2  coQ  6  +  <uQ2  6  [2] 

The  basic  arrangement  in  the  analogue  simulates  this  equation. 

The  addition  of  idealized  roll  damping  fins  controlled  by  a  rate  signal  is  simulated  by 
differentiating  the  output  of  this  system  and  feeding  it  back  with  the  appropriate  phase  and 
amplitude  to  the  forcing  function  input.  Thus  we  now  have  an  analogue  solving: 

ro02  +  <I>  2  <pN  o>Q  -  2  \jjp  <u0  0  =  6  +  2  il) N  co0  0  +  oi qO  t3l 

This  is  the  arrangement  shown  in  Figure  2. 


Figure  2 

Where  in  practice  bp  would  be  given  by; 

2tj)pc oQJ  =  Fin  moment  per  radian  per  second  of  roll  assuming  that  fin  lift  is  propor¬ 
tional  to  angle  of  incidence. 

If  the  control  of  the  fin  moment  is  made  more  complex  by  the  addition  of  position  and 
acceleration  control  terms,  then  Equation  [3]  becomes; 

lt>6)Q+$>,24>NaQ  =  '0  +  2ipNa)od  +  aQd  +  l2\pF0(o0  +  A6  +  P co £  6  [4] 
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Whore  A  and  P  are  nondimensional  terms  given  by: 


[51 

[61 


AJ  =  Fin  moment  per  radian  per  sec  per  sec  of  roll. 

Po>qJ'=  Fin  moment  per  radian  of  roll. 

This  arrangement  is  simulated  by  adding  to  the  §  signal,  itself  differentiated  and  a 
fraction  of  0,  as  shown  in  Figure  3. 


In  practice,  a  lag  occurs  bctwoon  tho  production  of  the  control  signal  and  the  appli¬ 
cation  of  the  fin  momont,  and  this  is  included  by  inserting  various  first-order  lags  between 
the  combinod  fin  moment  and  its  point  of  application  in  the  system.  This  is  shown  ir 
Figure  4  whoso  corresponding  equation  is: 


A  further  inclusion  in  the  analogue  which  cannot  be  expressed  simply  by  a  mathe¬ 
matical  expression  is  a  limiter  which  prevents  the  control  moment  rising  above  a  certain  value. 
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This  represents  the  effect  of  a  limit  to  the  maximum  fin  moment  which  can  be  applied  in 
practice  due  to  stalling.  The  complete  analogue  is  thus  as  shown  in  Figure  5. 


Figure  5 


Some  predictions  of  the  results  to  be  expected  can  be  made  by  examination  of  the 
relevant  equations  for  a  steady-single-frequency  sinusoidal  disturbance.  For  this  condition 
Equation  [3)  becomes: 

&iw0)  =  (-to2  +  ;2i///vto<on+tu2)0  +  ;'2i/»/,-<otooO 
which  on  division  by  toj"  becomes: 

<i>(l  +;'2  x)  =  (l-x2  +  j2  0  i  r)  (9  [8] 

This  clearly  shows  that  the  fins  should  be  most  effective  at  resonance,  and  the  ratio 
of  the  roll  with  fins  to  the  roll  without  fins  is  shown  plotted  in  Figure  6  for  various  frequencies. 
This  also  may  be  deduced  by  consideration  of  the  phase  of  a  pure  rate  signal  at  various 
frequencies.  Figure  7  shows  that  above  and  below  resonance  the  rate  signal  will  not  be 
opposing  the  forcing  function  as  well  as  it  does  at  resonance  and  so  its  effect  may  be  expected 
to  be  reducod.  Similar  diagrams  (Figure  7)  for  the  position  and  acceleration  vectors  show  that 
they  will  bo  most  effective  below  and  above  resonance,  respectively.  These  hypotheses  are 
borno  out  by  the  results  obtained  on  the  simulator  which  are  shown  photographically  in 
Figure  8. 

h  .  '6 

NOTE:  It  will  be  observed  that  we  have  selected  -  as  the 

ld> 

criterion  of  system  performance  in  roll  damping  which 
actually  compares  roll  angle  dwith  wave  slope. 

An  alternative  would  be  a  consideration  of  the  rela¬ 
tionship  between  |(?|  fins  off  and  |0|  fins  on.  This  can 
be  arrived  at  by  dividing  Equation  [2]  by  Equation  [4]. 

Since  the  acceleration  signal  varies  as  the  snuare  of  the  frequency  and  the  position 
signal  is  constant  and  as  they  are  in  antiphase,  by  arranging  that  these  extra  control  signals 
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Percentage  of  Poll  Reduction 


Figure  6 


e.,  Period  o<  wove  encounter  is 
half  natural  railing  period. 


Figure 


7 


3 


FINS  OFF 

Average  amplitude  2.S  cm 


A  A  A  A  f\  f\ 


0  and  0  CONTROLLED  FINS 
Amplitude  0.85  cm 


0  and  0  CONTROLLED  FINS 
Amplitude  0.95  cm 


6,  6,  and  0  CONTROLLED  FINS 
Amplitude  0.9  cm 


Figure  8a  -  Recordings  Taken  at  Resonance  of  Roll  Angle 

(Note:  Distortion  of  sine  wares  is  doe  to  50-cps  Pickup.) 
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FINS  OFF 
Amplitude  2.75  cm 


A  ■  A  A  A  A 

0 


0  CONTROLLED  FINS 
Amplitude  1.5  cm 


0  and  0  CONTROLLED  FINS 
Amplitude  1.7  cm 


0,  6,  and  0  CONTROLLED  FINS 
Amplitude  1 .4  cm 


/\  A  -A  A  /A 

/ 

•  '  '  V  V  \J  \J 


Figure  8b  —  Recordings  of  Roll  Angle  Taken  Below  Resonance 
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RATE-CONTROLLED 
FINS  ON 

Amplitude  1.65  cm 


A  A  A  A  A  a  A  A  A  A  /* 

\l  \j  y  V  V  V  ^  -V  y  y  A/ 

A 


6  and  0  CONTROLLED  FINS 
Amplitude  1.85  cm 


0  and  0  CONTROLLED  FINS 
Amplitude  0.95  cm 


A  A  !\ 

,rU.  ' 


A  A’  A  A  ^  ^ 


v-v  \i  V  V  V  \i  y  \i 


0,  0,  and  0  CONTROLLED  FINS 
Amplitude  1.3  cm 


Figure  8c  —  Recordings  of  Roll  Angles  above  Resonance 
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are  equal  and  opposite  at  resonance,  then  automatically  the  position  signal  will  be  predom 
inant  below  resonance  and  the  acceleration  predominant  above,  as  shown  in  Figure  9.  This 
was  the  condition  arranged  for  the  combined  0,  6,  and  6  control  whose  results  are  shown  in 
Figure  8. 


Figure  9  —  Magnitude  of  Additional 
Control  Moment  for  Constant 
Roll  Angle 


The  effect  of  a  lag  at  resonance  is  shown  in  Figure  10,  and  the  vectors  show  that  the 
effect  is  likely  to  be  overcome  by  the  addition  of  acceleration  control,  or  phase  advance  ap¬ 
plied  to  pure  rate  signal  could  have  some  effect.  This  was  confirmed  by  using  the  analogue, 
the  results  being  shown  in  Figure  11. 


Figure  10  -  The  Total  Forcing  Function 
(1  +  /2^jyar)  Acts  at  Right  Angles 
to  the  Roll  Amplitude 
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(a)  (b)  (c) 


Figure  11  —  Residual  Roll  at  Synchronism 

(a)  —  Pure  rate  control 

(b)  —  With  lag 

(c)  —  Rate  control  with  lag 

partly  overcome  by 
acceleration  control 


As  indicated  above  the  sea  is  not  a  steady  sinusoidal  disturbance  but  contains  many 
different  frequencies.  A  first  approximation  to  this  is  to  use  a  mixture  of  sinusoidal  forcing 
functions  on  the  analogue  and  this  has  been  done,  up  to  six  different  frequencies  being  simul 
taneously  applied.  The  results  show  that  the  trends  anticipated  from  consideration  of  the 
forcing  function  composed  of  a  single  sinusoidal  frequency  arc  to  a  very  close  approximation 
applicable. 

Figure  12  shows  output  from  the  rolling  ship  analogue  when  the  disturbing  sea  is  com¬ 
posed  of  a  complex  of  three  frequencies  whose  amplitudes  are  equal. 

When  rolling  freely,  as  in  (a),  the  tendency  is  for  the  frequency  of  the  natural  rolling 
period  to  predominate. 

Figure  12b  represents  the  residual  roll  from  the  same  sea  input  when  fins  are  controlled 
by  a  signal  proportionate  to  rolling  rate  [0\. 

Figure  12c  represents  residual  roll  with  the  addition  of  terms  proportional  to  acceleration 
and  position  [5  and  6 ]  added  to  the  rate  signal.  No  very  noticeable  improvement  results. 

Figures  12d,  e,  f  are  recordings  of  the  roll  when  the  forcing  function  contains  the  same 
three  frequencies.  Their  amplitudes  were  adjusted  so  that  they  individually  caused  the  same 
amplitude  of  roll  of  the  vessel  rolling  freely.  Figures  12e  and  f  show  that  in  this  case  the 
addition  of  the  acceleration  and  position  terms  to  the  control  signal  moments  has  a  somewhat 
more  noticeable  effect  on  residual  roll. 

The  closeness  with  which  these  results  correspond  with  actual  seagoing  practice  is  a 
matter  of  some  conjecture  but  they  can  be  considered  to  be  qualitative  as  far  as  the  effect  of 
the  various  control  signals  is  concerned.  Analysis  of  wave  patterns  suggests  that  sea  waves 
are  akin  to  white  noise  in  that  they  contain  all  frequencies.  However,  seamen  have  long  been 
acquainted  with  the  apparently  varying  characteristics  of  seas  in  different  parts  of  the  world, 
which  may  indicate  a  predominance  of  certain  frequencies  in  certain  areas.  With  this  it  must 
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(a)  ROLL  ANGLE,  NO  FINS 


(b)  RESIDUAL  ROLL  ANGLE 
Pure  rate-controlled  fins 


(c)  RESIDUAL  ROLL  ANGLE 
Fins  controlled  by  position, 
Rate,  and  acceleration 


ion  Comprising  Equal  Amplitudes  of  a 
upresent  the  Random  Sea 


(d)  ROLL  WITH  FINS  OFF 


(e)  RESIDUAL  ROLL  WITH  PURELY 
RATE-CONTROLLED 
FINS  OPERATING 


(f)  RESIDUAL  ROLL  WITH  CONTROL 
MOMENTS  DUE  TO  POSITION, 
RATE, AND  ACCELERATION 


Figures  12d,  e,  f  -  Rolling  Due  to 
Previously  Used,  Their  Ai 
to  the  F 


\J 


/V 


f\> 


\J‘ 
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be  borne  in  mind  that  the  dimensions  of  a  vessel,  compared  with  the  wave  length,  will  be 
significant.  Wave  length  is  a  function  of  wave  velocity  and  frequency.  The  effects  of  fre¬ 
quency  have  been  investigated  above.  Apparent  wave  velocity  will  depend  upon  the  absolute 
wave  direction  and  velocity  in  an  area  and  the  direction  and  speed  of  the  ship.  This  can  only 
be  assessed  by  a  very  careful  statistical  analysis  of  the  results  of  many  trials,  with  wave 
recordings  being  made  of  the  area  in  which  the  vessels  are  being  run. 
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ABSTRACT 


Tho  turning  qualities  of  a  ship  are  characterized  by  the  forces  developed 
when  three  principal  parameters  are  varied:  turning  radius,  drift  angle,  and  rud¬ 
der  angle. 

The  determination  of  these  forces  is  the  subject  of  systematic  tests  at 
the  Paris  Model  Basin.  The  results  for  a  model  of  a  cargo  ship  and  for  a  model 
of  a  destroyer  are  given;  the  effect  of  a  skeg  (rudder  amidship)  and  the  effect  of 
a  change  of  proportions  are  discussed. 


I.  SETTING  THE  PROBLEM 

1.  INTRODUCTION 

Ship  turning  is  the  whole  which  results  from  the  individual  qualities  of  the  hull  and  the 
rudder,  from  their  reciprocal  action,  and  from  the  effect  of  the  screws.  Therefore,  to  make 
progress  in  understanding  turning,  it  is  not  sufficient  to  observe  the  natural  motions  of  the 
ship;  it  is  also  necessary  to  know  all  the  forces  involved. 

A  theoretical  approach  is  possible.  The  ship  is  likened  to  a  wing,  but  the  span  (ver¬ 
tical)  of  this  wing  is  very  small  and  the  approximations  of  classic  aerodynamics  are  not  valid, 
particularly  to  account  for  tho  existence  of  a  lift  when  the  hull  is  in  a  turn  with  a  zero  drift 
angle.  By  means  of  new  methods, 1  ’  2  it  is  possible,  however,  to  calculate  the  forces  acting 
on  a  turning  ship  and  also  to  explain  results  already  known  experimentally  (for  example,  those 
concerning  the  course  stability)  and  even  to  predict  new  ones.  But  these  methods  require  com¬ 
plicated  calculations,  particularly  for  full  bodies;  it  is  then  useful  to  derive  from  experiments 
the  turning  data. 

Davidson  and  Schiff3  have  opened  the  way;  they  have  determined  the  stability  of 
straight-1  ir.e  motion  of  a  ship  in  analyzing,  for  the  conditions  of  free  turning,  the  distribution 
of  forces  between  the  hull  and  the  rudder.  It  is  possible  to  go  further  and  to  determine  the 
forces  acting  on  a  model  of  which  the  turning  radius,  drift  angle,  and  rudder  angle  are  arbi¬ 
trarily  fixed. 

A  systematic  study  has  been  undertaken  in  this  direction  at  the  Paris  Model  Basin. 

The  field  of  possible  investigations  being  very  extensive,  most  of  the  tests  carried  out  up  to 
now  have  concerned  the  hull  itself;  bare  hull  and  hull  with  stern  appendages  (skeg  and  rudder 
arnidship),  the  interactions  between  the  hull  and  the  deflected  rudder,  and  the  effect  of  screws, 
have  been  the  subject  only  of  individual  studies. 


l 


References  are  listed  on  page  338. 
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2.  EXPERIMENTAL  PROCEDURE 


Forces  are  measured  on  a  model  in  straight  and  curve  courses.  The  straight-course 
tests  are  carried  out  in  a  rectilinear  tank;  the  turning  tests  are  carried  out  in  a  circular  tank 
of  65-meter  diameter  provided  with  a  rotating  arm  under  which  is  fitted  a  carriage,  the  position 
of  which  is  adjustable.  Although  the  tank  is  relatively  large,  it  is  necessary,  for  this  kind 
of  study,  to  use  relatively  small  models  in  order  that  the  ratio  L/R  of  the  length  of  the  model 
to  the  turning  radius  may  have  values  close  to  zero;  the  normal  length  of  the  models  is  2.5 
meters  but  some  smaller  models  have  also  been  used.  For  comparison  with  the  simple  theo¬ 
retical  method,  it  is  necessary  to  get  rid  of  the  effect  of  ship  waves,  hence  to  operate  at  re¬ 
duced  speed:  0.80  m/s  generally.  The  effect  of  heel  is  avoided  by  displacing  weights  so  that 
the  model  is  kept  upright.  The  lengt  .i  and  the  speed  of  the  model  being  small,  in  spite  of 
turbulence  stimulation*  a  scale  effect  for  predicting  the  full-scale  ship  is  expected,  but  if 
this  effect  may  be  relatively  important  for  the  longitudinal  force  (which  does  not  interest  us 
here)  we  think  that  it  is  very  small  regarding  the  transverse  force;  hence,  at  least  for  com¬ 
parison  between  different  solutions,  model  results  are  applicable  to  ships. 

The  horizontal  forces  are  measured  with  a  balance;  they  are  resolved  by  the  balance 
into  a  longitudinal  force  and  two  transverse  forces  passing  through  fixed  points,  one  ahead 
and  one  behind  the  center  of  gravity. 


3.  ANALYSIS  OF  TEST  RESULTS 
Symbols 

Length  of  ship 
Draft 

Longitudinal  area  of  bare  hull 
Projected  area  of  the  rudder 
Projected  area  of  the  skeg 
Total  longitudinal  area 
Speed  of  the  center  of  gravity 
Turning  radius 
Drift  angle 
Rudder  angle 


Transverse  force  Y 

*Pins  are  usually  fitted  1/20  length  from  the  bow  and  on  the  appendages. 

is  the  derivative  of  heading  k  with  respect  to  the  time  if  the  tiirH.  unit  is  the  time  which  the  ship  takes 
to  travel  its  own  length- 
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Yawing  moment  (moment  of  the  force 
related  to  G) 


Transverse  force  coefficient* 


N 

Y 

npSV2  ~ 
L 


Yawing  moment  coefficient* 


N 


1  9 

-  rrpSTV2 

2 


In  the  case  of  Figure  1,  S,  k\  a  ,  Y,  and  N  are  all  positive. 


Characteristic  Coefficients 

In  the  absence  of  separation  of  tho  fluid,  that  is  to  say,  with  a  reasonable  angle  of 

k' 

incidence,  Cy  and  CN  are  uniform  and  odd  functions  of  5,  —  ,  and  a.  For  a  =  0,  and 

2 

limiting  to  terms  of  the  third  order  (generally  sufficient  in  practice)  Cy  and  C N  may  be 
expressed  in  the  following  form-.** 


♦Casal  demonstrated  that  for  a  wing  of  very  small  aspect  ratio,  hydrodynamics  coefficient  Cyjj  and  C are 


expressed  by: 


cyh  =  s  + 


k' 

i 

k' 

CNH-d~- 


{3  in  radians.) 


**It  is  possible  to  have  second-order  terms  which  will  be,  for  example,  in  the  fort*.  5x|5),  but  experience 
shows  that  sufficient  adjustments  may  be  obtained  by  assuming  them  zero. 


326 


c»  - •>; s  * »;  *  “i  «3  + s2  4 +  c3 s  (i) 2  +  rf3  (4-) 3 

where  5  is  expressed  in  radians. 

The  turning  of  a  body  is  therefore  characterized  by  12  coefficients;  experience  shows, 
however,  that  in  most  cases  the  number  of  coefficients  may  be  reduced  to  10  (d3  and  </'  =  0), 
and  even  often  to  8  (e3,  d3,  c3  and  d '  =  0). 

The  coefficients  of  the  first  order  have  a  particular  importance  because  they  character¬ 
ize  stability  of  route  with  zero  rudder  angle.  The  condition  of  stability,  at  first  given  in 
analytic  form  by  Contensou,4  has  been  expressed  in  geometric  form  by  Dieudonne.5  The  ship 
being  in  a  straight  course  (/c'  =  0),  the  transverse  force  has  a  limiting  position  T  on  the  axis 


when  3  tends  to  zero;  GT 


;  likewise,  the  ship  turning  without  drift  angle  (3  =  0),  the 


transverse  force  (hydrodynamic  force  and  centrifugal  force)  has  a  limiting  position  D  on  the 

axis  when  A: 'tends  to  zero:  GD  =  - — -  .  It  is  shown  that  the  straight-course  condition  is 

stable  if  D  is  outside  the  segment  GT.  In  open  water,  T  and  D  being  practically  ahead  of  G, 
the  straight  course  regime  is  stable  if  D  is  ahead  of  T.  * 

The  coefficients  of  the  third  order  are  important  for  free  turning  with  relatively  large 

t 

rudder  angles;  they  may  account  for  the  fact  that  Ship  A  turns  poorer  than  Ship  B  for  small 
rudder  angles  and  that,  on  the  contrary,  A  turns  better  than  B  for  large  rudder  angles. 

When  the  rudder  is  not  amidship,  other  coefficients  are  to  be  considered  in  respect  to 
a  ;  here  also  their  number  may  be  often  reduced,  especially  in  the  case  where  tho  rudder  is 
well  clear  from  the  hull  (hull-rudder  interactions  being  then  reduced). 


I 
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II.  CHARACTERISTIC  COEFFICIENTS  FOR  A  CARGO  SHIP* 

1.  FORM  AND  PROPORTIONS 

Tests  were  carried  out  on  a  4200-ton  d-w  cargo  vessel,  the  characteristics  of  which 
are  given  in  Table  1. 

TABLE  1 


Length  (W.L.) 

L  =114.50  m 

Breadth 

8  =  15.50  m 

B 

-  =0.135 

L 

Draft 

T  =  6.00  m 

T 

-  =0.0524 

T 

L/ 

Displacement 

W  =  7.320  m3 

IV 

-  =0.687 

LBT 

Longitudinal  area  without 
appendages 

SQ  =  647  m2 

—  -0.94! 

LT 

Projected  area  of  the  rudder 

Sj  =  10.64  m2 

' 

S, 

—  =0.0165 

Distance  from  G  to  AP  (W.L.) 

£  =  54.45  m 

—  =  0.951 

L 

2 

The  arrangement  of  the  propeller  aperture  and  of  the  rudder  are  shown  in  Figure  2. 


Figure  2 


♦Study  developed  for  the  French  “Institut  de  Recherches  de  la  Construction  Navaie. M 
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2.  TEST  PROGRAM 


Two  forms  have  been  tested:  Form  1  is  geometrically  similar  to  the  full-scale  ship; 
Form  2  is  obtained  by  expansion  of  Form  1,  draftwise:* 


The  model  scales  were  respectively  1/66.67  and  1/74.07.** 

The  following  tests  have  been  carried  out: 

On  the  two  forms,  measurements  of  forces  on  the  bare  hull  and  on  the  hull  provided 
with  a  rudder  (amidshi p)  for  -  10°  <  S  <  10°  and  - 0.3  <k'<  +  0.3. 

On  Form  1  only,  measurement  of  forces  for  -5°  <  ct  <  +  25° 

a.  5  =  0,  0 <k'<  0.25 

b.  -2°  <S<  +  8°,  k'=  0. 

The  test  speed  corresponded  to  15  knots  for  the  ship. 

Moreover,  free-turning  tests  have  been  made  on  large  models  (scales  1/20  and  1  22.22, 
respectively),  fitted  with  a  propeller. 

3.  CHARACTERISTIC  COEFFICIENTS  OF  THE  HULL 

In  the  range  of  8  and  k  studied,  the  variations  of  Cy  nnd  C/v  are  linear  functions  of  k 
the  coefficients  c3,  a’3,  c'3  and  d'3  are  then  zero..  The  values  of  the  eight  remaining  coefficients 
are  given  in  Table  2. 

The  presence  of  the  rudder  increases  6j  and  decreases  a'3  and  63. 

The  increase  in  draft  (passage  from  Form  1  to  Form  2)  increases  bx  total  and  decreases 
&3  and  by 

4.  STABILITY  ON  STRAIGHT  COURSE 

Table  3  indicates  the  limiting  position  T  (towing  with  drift  angle)  and  D  (turning  without 
drift  angle). 

Point  T  is  always  beyond  segment  GD\  consequently  the  straight-course  regime  is 
unstable  in  all  cases. 

The  presence  of  the  rudder  decreases  the  instability  but  relatively  little  because  the 
rudder,  placed  behind  the  hull,  is  masked  by  it. f 

The  influence  of  draft  on  stability  is  not  clear. 


♦Expansion  of  bare  hull  and  rudder. 

♦♦The  models  used  were  thus  smaller  than  normal. 

■fit  is  certain  that  the  effect  of  the  rudder  would  have  been  increased  if  the  tests  had  been  made  with  the 
propeller  working. 
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TABLE  2 


. 

Coefficients  Relative  to 

Cy 

Coefficients  Relative  to 

ai 

ra 

fl3 

V 

al 

a 

*3  1 

Form  1 

without  rudder 

0.72 

8.5 

-0.58 

0 

-l.n 

9 

with  rudder 

0.71 

9.5 

-0.62 

-1.95 

L 

10 

Form  2 

1 

1 

m 

■ 

without  rudder 

0.74 

0.06 

10 

6.5 

0.82 

-0.58 

-0.40 

-1.02 

‘l 

t 

H 

with  rudder 

0.71 

0.20 

11 

6 

0.78 

-0.50 

-1.20 

-0.87 

6.5 

m 

•First  line:  coefficient  relative  to  Cy  hydrodynamic. 

Second  line:  coefficient  relative  to  Cy  total  (hydrodynamic  +  c 

entrifugal). 

TABLE  3 


GT 

L 

2 

GD 

L 

2 

TD 

L 

O 

L. 

Form  1 

without  rudder 

1.16 

0.52 

-0.64 

with  rudder 

1.17 

0.66 

-0.51 

Form  2 

without  rudder 

1.11 

0.57 

-0.54 

with  rudder 

1.10 

0.58 

■ 

0.52 

5.  FORCES  ON  THE  RUDDER 

Measurements  have  been  made  only  on  Form  i,  for  k'  -  0,  S  variable  and  for  S  =  0,  k' 
variable.  Since  the  measurements  were  not  made  on  rudder  and  hull  separately,  the  efficiency 
of  the  rudder  is  the  difference  between  values  obtained  when  the  rudder  is  deflected  and  when 
it  is  at  zero: 
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Drift  Angle  «  in  degrees 


A  Cy  =  Cy  (ct)  -  Cy  (0)  =  effective  force  on  the  ruddet 

A  C N  =  C N  (a)  -  C N  (0)  =  turning  moment  of  the  effective  force 

on  the  rudder 

The  results  are  as  follows: 

For  -5°  <  a  <  +  25°; -2°  <S<  +  8°;  k' =  0 

A  Cy  =  -0.060  a  -4  a  82  +  a2  S 
A  CN  =  0.053  a  +2.5  a  o2  -0.5  a  28 


For 


-5°  <  a  <  +  25°;  S  =  0;  0  <  k'  <  +  0.25 


A  CY  =  -0.060  a  -0.7  a 
A  C N  =  0.053  a  +  0.8  a 


In  the  formulas,  a  and  S  are  expressed  in  radians. 

The  influence  of  k'on  AC y  and  A C N  is  small;  the  influence  of  8,  on  the  contrary,  is 
relatively  important.  The  effective  force  is  always  applied  near  the  rudder;  the  distance  from 

L 

the  center  of  gravity  to  the  point  of  application  is  equal  to  about  0.90  —  while  the  distance 

L  2 

from  the  center  of  gravity  to  the  rudder  stock  is  equal  to  0.88  — . 


6.  FREE  TURNING 

The  tests  were  made  at  15-knot  speed,  on  large  models  fitted  with  a  propeller;  a  cor¬ 
rection  for  friction  was  applied  on  the  centerline  of  the  model.  Figure  3  gives  the  results 
(average  between  right  and  left  turning). 


Figure  3a 


Figure  3b 


Figure  3 
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For  a  =  0,  there  exists  a  regime  of  free  turning  k'=  —  /  0.  This  result  confirms 

R 

that  the  straight-course  regime  is  unstable. 

Form  1  turns  better  than  Form  2  (deeper)  but  with  a  larger  drift  angle. 

III.  CHARACTERISTIC  COEFFICIENTS  FOR  A  DESTROYER 
1.  FORM  AND  PROPORTIONS 

The  characteristics  of  the  full-scale  ship  are  indicated  in  Table  4. 


TABLE  4 

Length  (W.L.)  L  =  123.50  m 


The  arrangement  of  the  rudder  and  the  horn  is  indicated  in  Figure  4. 


Figure  4 
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2.  TEST  PROGRAM 


Three  forms  have  been  tested: 

Form  1  is  geometrically  similar  to  the  full-scale  ship; 

T2 

Form  2  is  obtained  by  expansion*  of  Form  1  draftwise:  —  =  1.20;  and 

Tx 

8  3 

Form  3  is  obtained  by  expansion*  of  Form  1  beamwise:  -  »  1.20. 

Bl 

The  models  had  a  length  of  2.50  m;  they  were  fitted  with  turbulence  pins. 

The  following  tests  have  been  done: 

measurements  of  forces  for  -10°£  S^  +  10°;  -0.3  <  k'  <  +  0.3  without  and  with  rud¬ 
der  (amidship)  and  horn;  and 

investigation  of  free  turning. 

All  the  tests  have  been  carried  out  without  propellers  at  a  constant  speed  of  0.8  m/s. 

3.  CHARACTERISTIC  TURNING  COEFFICIENTS 

Fairing  has  been  done  mechanically  by  the  method  of  least  squares.  Measurements 
corresponding  to  too  large  angles  of  incidence  have  been  discarded.** 

The  introduction  of  coefficients  c3  and  c'  have  been  judged  necessary.  On  the  con¬ 
trary,  the  coefficients  u3  and  d'3  have  been  taken,  before  fairing,  equal  to  zero;  the  adjust¬ 
ment  obtained  with  this  assumption  has  been  judged  sufficient.! 

The  value  of  the  ten  characteristic  coefficients  are  indicated  in  Table  5. 

The  presence  of  the  rudder  and  of  its  horn  has,  for  the  three  forms,  a  similar  effect  on 
each  of  the  coefficients,  except  on  ar  The  results  obtained  are  not  in  contradiction  with 
those  of  the  cargo  vessel;  the  variation  of  b j  is,  in  particular,  confirmed. 

The  change  from  Form  1  to  Form  2  without  or  with  rudder  has  a  similar  effect  on  each 
of  the  coefficients,  except  on  c3  and  c3.  The  results  obtained  are  not  in  contradiction  with 
those  of  the  cargo  ship;  variations  of  and  b3  are,  in  particular,  confirmed. 

The  change  from  Form  1  to  Form  3  without  or  with  rudder  has  a  similar  effect  on  each 

8 

of  the  coefficients,  except  on  c3,  a3  and  c3>  The  increase  of  —  not  having  been  studied 

L 

for  the  cargo  vessel,  nc  comparison  is  possible  between  the  two  ships. 

♦Expansion  of  bare  hull  and  rudder. 

**  Practically,  for  a  left  turn  0),  we  have  discarded  the  measurements  made  in  the  following  conditions: 

k'  =  0. 1,  5  <  -  10°;  k'=  0.  2,  5  <  -  8°:  k '  =  0. 3,  5  <  -  6°. 

f  The  quadratic  mean  of  the  errors  -  was  of  the  order  of  15  grams  for  measurements  amounting  to 

about  500  grams.  r" 
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TABLE  5 


Coefficients  Relative  to 

n 

Oj, 

Coefficients  Relative  to 

cN 

al 

V 

a3 

V 

C3 

K 

«3 

aJ 

m 

Form  1 

■ 

without  rudder 

0.85 

-0.15 

21 

18 

0.85 

-0.61 

0.55 

2.6 

-1.32 

■ 

with  rudder  and 

0.82 

0.21 

23 

-14 

29 

0.61 

9 

-0.55 

0.1 

horn 

-0.91 

-13 

H 

■ 

Form  2 

without  rudder 

0.61 

0.00 

20 

-14 

24 

U7ET3 

— U.4U 

i.  jU 

-zu 

3.5 

-0.97 

-14 

with  rudder  and 

0.65 

0.30 

20 

-  9 

28 

0.55 

-0.63 

-0.20 

-22 

-3.4 

horn 

-0.63 

-  9 

Form  3 

without  rudder 

0.61 

-0.02 

15 

-13 

20 

0.71 

-0.43 

240 

-18 

2.7 

-1.43 

-12 

with  rudder  and 

0.76 

0.16 

18 

-12 

22 

0.62 

-0.68 

0.55 

-22 

-1.3 

horn 

-1.18 

i-12_ 

1 

•First  Line;  coefficient  relative  to  Cy  (hydrodynamic). 

Second  Line:  coefficient  relative  to  Cy  total  (hydrodynamic  +  centrifugal). 


4.  STABILITY  OF  STRAIGHT  COURSE 

Table  6  indicates  the  limiting  positions  T  (towing  with  drift  angle)  and  D  (turning 
without  drift  angle). 

TABLE  6 


GT 

GD 

TD 

L 

L_ 

_L 

2 

2 

2 

Form  1 

without  rudder 

1.00 

0.47 

-0.53 

with  rudder.and  hom 

0.74 

0.88 

+  0.14 

Form  2 

without  rudder 

1.13 

0.51 

-0.62 

with  rudder  and  horn 

0.85 

1.00 

+0.15 

Form  3 

without  rudder 

1.15 

0.30 

-0.85 

with  rudder  and  horn 

0.82 

0.58 

-0.24 
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The  influence  of  a  skeg  (rudder  and  horn)  on  stability  on  straight  course  is  very  clear; 
it  draws  back  point  T*  and  advances  point  D.**  These  two  effects  are  favorable  for  straight 
course  stability. 

Form  1  (normal)  and  Form  2  (deepened)  are  more  stable  than  Form  3  (broadened).  With 
rudder,  Forms  1  and  2  are  stable  and  Form  3  remains  unstable. 


5.  FREE  TURNING 


Figure  5  gives  the  results  of  free  turning  tests  made  on  the  three  forms. 

Rudder  at  zero,  there  exists  for  Form  3  a  turning  regime  possible  corresponding  to 
L 

k '  =  —  =  1.4;  this  result  confirms  that  Form  3  is  unstable. 

( L  \  L 

For  Forms  1  and  2,  the  curve  (  —  ;  a  J  is  for  —  <  0.1  very  near  the  abscissa  axis: 

\  R  }  R 

these  two  forms  are  then  at  the  boundary  between  stability  and  instability;  the  tests  of  forced 
turning,  which  cor  espond  to  a  number  of  important  measurements  show,  however,  that  the 
stability  is  positive. 

For  rather  laige  rudder  angles,  Form  1  turns  poorer  than  Forms  2  and  3.  Form  2 
(deepened)  turns  as  well  as  Form  3  (broadened)  and  with  a  smaller  drift  angle. 

From  the  coefficients  of  Table  5  it  is  possible  to  calculate,  for  conditions  k'  and  5  of 
the  free  turning,  the  forces  which  would  act  on  the  hull  if  the  rudder  were  at  zero;  the  normal 
force  which  results  from  deflecting  the  rudder  is  then  deduced.  The  results  are  given,  for 
k '  0.2  and  k'  0.3  ir  Tt.bie  7, 

TABLE  7 


k' 

5° 

Cf  ° 

r 

c» 

cy 

r  * 

°y 

a 

Form  1 

0.2 

6.5 

7.4 

0.052 

-0.042 

0.81 

0.40 

0.3 

9 

20 

0.139 

-0.113 

0.82 

0.40 

Form  2 

0.2 

5.5 

5.6 

0.036 

-0.034 

0.95 

0.37 

0.3 

7.7 

14.4 

0.102 

-0.090 

0.89 

0.41 

Form  3 

0.2 

7.3 

4.7 

0.025 

-0.024 

0.97 

0.30 

0.3 

10.1 

15.3 

0.089 

0.095 

1.07 

0.33 

*  d  in 

radians 

*  GT  with  rudder 

-  —  0.7 

GT  without  rudder 

+  *  GD  with  rudder 

- 1.9 

GD  without  rudder 
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Drift  Angle  J  in  degrees 


Figure  5a  Figure  5b 

Figure  5 


From  the  standpoint  of  forces  developed  on  the  hull,  the  forms  are  classed  in  order  3, 

2,  1,  Form  3  (broad)  being  more  favorable  for  turning.  From  the  standpoint  of  the  efficiency 
of  the  rudder,  the  forms  are  classed  in  the  order  1  and  2.  then  3.* 

The  combined  action  of  the  hull  and  of  a  clear  rudder  explains  that  the  deep  form, 
which  is  most  satisfactory  from  the  point  of  view  of  stability  on  straight  course,  gives  results 
equivalent  to  those  of  the  broad  form  for  turning  at  rather  large  rudder  angles. 

IV.  CONCLUSIONS 

Ffegarding  forms,  proportions,  and  rudder  and  propeller  arrangements,  a  cargo  ship  and 
a  destroyer  are  the  most  different  vessels  we  can  imagine.  It  seems  then  very  instructive  to 
try  to  draw  a  parallel  between  the  two  ships.  It  will  be  the  subject  of  our  conclusions  which 
recapitulate  the  principal  results  given  in  detail  in  Parts  II  and  III. 

1.  CHARACTERISTIC  COEFFICIENTS  OF  BARE  HULLS 

The  bare  hulls  of  the  cargo  ship  and  the  destroyer  have  a  similar  behavior.  The  coef¬ 
ficients  of  the  first  order,  which  are  important  for  motions  in  the  neighborhood  of  straight-line 
regime,  are  of  the  same  order  of  magnitude;  the  coefficients  of  the  normal  destroyer  (Form  1) 
are,  on  the  whole,  nearer  the  coefficient,^  of  the  cargo  ship  than  those  of  the  deepened  and 
broadened  destroyer. 


The  difference  between  tho  two  ships  is  chiefly  appreciable  on  the  coefficients  of  the 
third  order  which  are  important  for  turning  with  rather  large  rudder  angles,  but  the  combined 
influence  of  8  and  A:' gives  for  the  two  ships,  forces  of  the  same  direction  in  the  base  of  free 
turns. 


Although  both  hulls  are  very  different  from  a  flat  plate,  it  is  possible  to  outline  an 
approach  to  the  theoretical  method  of  Brard  and  Casal.  In  a  straight  course  with  a  drift  angle 
,  L  \ 

(5^0  but  small;  k'  -  —  =  0  )  the  transverse  force  on  the  model  has  approximately  the 

R  (  L\ 

same  position  as  that  calculated  f  GT  =  —  1  ;  its  value  is  smaller  (20  to  40  percent  than  the 

calculated  value  ( Cy  =  8)  for  a  flat  plate.  On  the  contrary,  the  hydrodynamic  force  due  to 

(  k'  \ 

turning  (8  =  0;  k'  4  0  but  small)  is  much  smaller  than  the  calculated  force  |  Cy  =  —  J  for  a 

flat  plate,  the  measured  moment  being  itself  smaller  (40  to  60  percent)  than  tho  calculated 
moment.  These  results  are  encouraging  for  comprehending  phenomena  bv  theoretical  methods. 


2.  EFFECT  OF  A  RUDDER  (AMIDSHIP) 

The  presence  of  a  stern  skeg  (rudder  amidship)  loads  to  similar  effects  for  the  cargo 
ship  and  the  destroyer,  but  the  orders  of  magnitude  are  not  the  same.  One  part  of  the  differ¬ 
ence  comes  from  the  fact  that  the  skeg  of  the  cargo  ship  is  relatively  less  important  than  the 

‘S  Si  +  S2  ^ 

skeg  of  the  destroyer  ( —  =  0.0165  for  tho  first;  -  =  0.0495  for  the  second  ;  .  The 

remainder  comes  from  the  nonidentity  of  the  architectural  arrangements.  In  the  case  of  the 
cargo  ship,  the  rudder  is  masked  by  the  hull  and  its  effect  remains  moderate  when  the  propel¬ 
ler  is  not  in  place.  On  the  contrary,  in  the  case  of  the  destroyer,  the  rudder  and  its  horn, 
which  are  well  clear  from  the  hull,  have  an  important  effect:  tho  limiting  point  T  in  straight 
course  with  a  drift  angle  is  brought  back,  whereas  the  limiting  point  D  in  turns  without  drift 
angle  is  advanced;  finally,  the  stability  of  straight  course  is  considerably  improved  by  the 
presence  of  the  rudder  and  its  horn. 


3.  EFFECT  OF  CHANGE  OF  PROPORTIONS 

T  T 

For  the  cargo  ship,  only  the  ratio  —  was  changed,  whereas  for  the  destroyer  —  and 

B  .  L  T  .  .  L 

—  were  successively  changed.  Changing  —  has  not  led  to  contradicting  results  for  the 

L  L 

coefficients  oi  the  cargo  ship  and  the  destroyer.  The  deepening  of  the  hull  does  not  seem  to 
have  a  very  important  effect  on  stability;  on  the  contrary,  the  broadening  of  the  hull  has  an 
unfavorable  effect. 

T 

For  the  free  turn,  changing  —  led  to  discrepant  results  for  the  cargo  ship  and  the  de- 

L/ 

stroyer.  In  the  case  of  the  cargo  ship  the  deepened  model  turns  poorer  than  the  normal  model; 
it  is  the  contrary  in  the  case  of  the  destroyer.  In  our  opinion,  the  explanation  of  this  diver- 


gence  is  as  follows:  the  increase  of  aspect  ratio  of  an  isolated  rudder  is  favorable  but  this 
advantage  remains  behind  the  hull  only  if  the  rudder  is  well  separated;  it  is  exactly  the  case 
of  the  destroyer,  whereas  for  the  cargo  ship  the  interactions  between  the  hull  and  the  rudder 
are  large. 

For  the  destroyer  the  deepened  model  turns  as  well  as  the  broadened  model  whose 
stability  on  straight  course  is  negative.  It  is  confirmed  here  once  more  that  stability  on 
course  and  steady  turning  are  different  and  not  opposite  qualities. 
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INTRODUCTION 


Use  of  an  automatic  steering  device  has  been  common  practice  for  course-keeping  at 
sea.  The  device,  called  an  “autopilot,”  detects  the  deviation  of  a  ship  from  a  predetermined 
course  and  actuates  a  rudder  so  as  to  eliminate  the  deviation.  The  basic  action  of  the  auto¬ 
pilot  is  called  ‘‘proportional  control,”  which  means  to  give  a  helm  angle  proportional  to  the 
amount  of  course  deviation  and  somotimes  also  proportional  to  the  time  rate  of  the  deviation. 

In  this  connection,  a  number  of  theoretical  studies  on  automatic  steering  have  been  made 
since  Minorsky  first  looked  into  this  problem  in  1922. 11 2,3  These  studies  also  related  largely 
to  proportional  control,  with  good  success  in  linear  treatments  of  the  problem. 

Proportional  control  must,  however,  be  modified  for  practical  application  in  a  rough  sea; 
otherwise,  ceaseless  alternating  steering  in  response  to  each  wave  encountered  would  result, 
with  r.o  effect  on  course-keeping  because  of  its  rapid  alternation.  Such  steering  also  might 
induce  considerable  wear  of  the  steering  gear  ana  the  autopilot  itself.  In  these  circumstances, 
“weather  adjust”  mochanisms  have  been  used  traditionally  for  avoiding  the  frequent  steering. 
These  mechanisms  are  composed  of  an  amount  of  backlash  (that  is,  idle  clearance)  inserted 
into  linkagos  transmitting  a  course  deviation  signal,  which  decreases  considerably  the  frequent 
steering  in  a  rough  soa  by  neglecting  those  course  deviations  less  than  the  amount  of  backlash. 
Unfortunately,  however,  the  mechanisms,  in  transmitting  the  course  deviation  signal,  also 
yield  a  phase  lag  which  has  so  groat  an  unstabilizing  effect  on  ship  motion  as  to  induco 
sometimes  a  self-exciting,  sustained  yawing.  According  to  a  survey  of  the  rocords  of  yawing 
of  ships  at  soa,  the  well-known  bad  performances  of  autopilots  in  rough  seas  seem  to  result 
from  this  reason,  and  a  loss  of  propulsive  power  caused  by  the  yawirg  may  exceed  10  percent.4 
This  power  loss  is  of  course  considerable;  thus  one  of  the  most  important  subjects  in  steering 
problems  of  ships  may  be  to  analyze  the  self-oxciting  yawing  resulting  from  conventional 
woathor-adjust  mechanisms,  and  to  devise  some  new  means  of  avoiding  the  frequent  steering 
in  rough  seas  without  inducing  such  a  harmful  performance. 

The  present  paper  discusses  those  probloms,  utilizing  a  recent  approach  of  analyzing 
nonlinear  servomechanisms,  and  proposes  a  new  principle  of  improving  the  autopiloting 
performance. 

1.  STABILITY  CRITERION  OF  AUTOPILOTING  BY  KOCHENBURGER’S  METHOD 

A  control  loop  describing  autopiloting  of  a  ship  is  illustrated  in  Figure  1  in  the  form  of 
a  block  diagram.  Since  the  stability  criterion  of  Kochonburger5  is  based  upon  whether  sinus¬ 
oidal  signals  grow  or  docav  in  circulating  through  the  loop,  it  is  necessary  first  to  obtain  the 
response  of  each  element  composing  the  systom  to  sinusoidal  signals. 

^References  are  listed  on  page  356. 

NOTE.  The  present  paper  is  an  English  translation  of  the  paper  "Stability  of  Autopiloting,”  Journal,  Society 
of  Naval  Architects  of  Japan,  1958,  but  with  partial  retouches. 
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External  Disturbance 


Figure  1  —  Scheme  of  Automatic  Steering  of  a  Ship 
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ship— is  usually  described  by  a  set  of  equations  of  motion  which  relates  to  a  coupled  motion 
of  side-drifting  and  turning  angular  rotation.  It  is,  however,  more  convenient  to  use  a  single 
equation  of  motion  describing  immediately  a  relation  between  turning  angular  motion  and  steer¬ 
ing,  because  control  signal  in  autopiloting  relates  to  only  turning  angular  motion.  Such  an 
equation  of  motion  may  be  obtained  by  eliminating  a  drifting  motion  from  the  original  simulta¬ 
neous  equations  of  motion,  as  follows:6 


d20  dO  dS 

T^T2  -  +  ( ^ l  +  ^2  )  —  -1-  0  -  h8  +  t\T3  — 

dt2  a‘- 


[13 


where  0  is  the  turning  angular  rate  of  a  ship, 

8  is  the  helm  angle  as  a  function  of  time,  and 

K ,  7\,  T2  and  T-,  are  coefficients  depending  on  hull  forms,  relative  rudder  size  and 
other  factors  of  a  ship. 

The  response  of  a  ship  to  a  sinusoidal  signal  (that  is,  in  this  case,  to  put  a  rudder  sinusoidal¬ 
ly  to  both  sides  in  a  certain  frequency  a>)  nay  be  determined  through  the  equation:  Namely, 


5(0  =  -50  sin  (ot , 


9 it)  ■*(«)  50  sin  4  6(co)]' 


[2] 


where 


■4(CU)  -  * 


J  l*"2r3 

K  ( 1  +ia>T3 ) 

'  1  +  co2  (T2<r  T2)  +  CU4  T2T 2 

(1  +  i<o  Tj )  (1  4-  i<n  T2) 

*io»  =  -  tan 


-1 


(Tl  +  T2 -  T3)(o  +  Tl  T2 oj' 
1  -  (TJ 2  -  T2T3  -  T^)  a 


=  rtrR 


A'  (1  +-  iioT3) 

(1  +  iw  Tj)  (1  4 -  ia>  T2) 
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and  where  S0  is  the  amplitude  of  sinusoidal  steering,  is  called  an  amplitude  ratio  and 

^  a  P^ase  difference.  Both  of  them  are  functions  of  frequency  < u  only,  as  a  common  feature 
of  linear  systems. 

Next,  the  response  of  an  electrohydraulic  steering  gear,  which  is  widely  used  for  most 
present  ships,  may  be  described  by  the  following  equation: 


„  dS 

Tf  —  +  8  =  8* 
E  dt 


where  Tg  is  a  time  constant  of  a  steering  gear, 

8*  is  a  helm  angle  that  is  called  for  by  the  control,  and 
8  is  a  helm  angle  that  is  produced  by  a  steering  gear. 

A  synopsis  of  introducing  the  equation  will  be  discussed  in  Section  3.2.  Then  we  get  a 

description  of  the  response  of  a  steering  gear  to  a  sinusoidal  8*  as  follows: 

when 


S*  =  80  sin  cat, 

8  =  AE{<o)  S0  sin  U»<+$£(<u)] 


[3] 


where  A 


E((o) 


1 


1 


+  l  01  l 


and  =  Are  y 


+  i  0)  T  jn 


Finally,  we  get  easily  the  response  character  of  a  compass  as  follows,  because  it  may 
be  considered  a  simple  integrating  element  transforming  0  into  0.  Namely, 
when 

0  =  sin  cl >t, 

0  -  A, 


[4] 


C(ca) 


0o  sin  [ca£  f  </'c(cl>)1 


where  A. 


«o) 


1 


l  CO 


1 


■  -  *c,.,  -  'V  -  •  -  o 


Then  summing  up  the  relations  12],  [3],  and  [4],  we  know  how  a  sinusoidal  signal  of  8 * 
is  transformed  in  transmitting  through  a  steering  gear,  a  ship,  and  a  compass  successively. 
Namely,  when 


8*  =  8g  sin  cot , 

9  =  A«o)  AE(a>)  AC( co)  80  sln  +  ^(ca)  +  ^E{o)  +  $C( <u)l 

s  AUo»  5o  sin  [o,t  +  * Hcj )1 

where 


AL(o>)  ~  A(cj)  AE( co)  AC(co) 


k  (1  +  i  a)  7,) 


i co  (1  +  ico  T1)(l  v  icoT2 )  (1  +  icoTg) 


342 


K  (1  +  icoTA 


^L(M)*%*(a>)  +  ^£(<u>+0C(«)  Ar«  ia(i  +  iaTjn  +  i<uT2)il  +  iaTE) 

It  is  convenient  for  the  present  treatment  to  rewrite  the  relation  in  a  complex  function  expres¬ 
sion  as  follows:  when  8*  =  8g  etcot  (note  that  eicot  =  cos  cot  +  i  sin  «£), 


e 


'<t>L 


L(co) 


■  Sr 


-i  cot 


[5] 


Then  a  complex  function  A^e  represonts  an  overall  response  character  of  all  linear  ele¬ 
ments  composed  of  a  ship,  steering  gear,  and  compass. 

Since  the  transmitting  character  through  all  linear  elements  has  been  thus  obtained,  if 
a  similar  character  of  the  remaining  element,  viz,  an  autopilot,  is  defined,  we  can  judge 
whether  sinusoidal  signals  grow  or  decay  in  circulating  through  the  control  loop.  It  is  impos¬ 
sible,  however,  to  describe  the  response  of  an  autopilot  by  any  linear  differential  equation 
and  then  to  obtain  its  response  character  in  tha  foregoing  manner,  if  considering  such  a  dis¬ 
continuous  (then  naturally  nonlinear)  element  as  a  weather-adjust  mechanism,  which  is  one  of 
the  major  objects  of  the  present  treatment. 

Fortunately,  however,  the  response  itself  of  an  autopilot  with  a  weather-adjust  mech¬ 
anism  to  a  sinusoidal  input  signal  (that  is,  in  this  case  a  course  deviation)  may  be  obtained 
by  an  easy  reasoning,  as  is  indicated  in  Figure  2  and  the  formulas  [7],  Then  we  expand  the 
response  into  a  Fourier  series  with  a  fundamental  frequency  that  is  the  same  with  the  fre¬ 
quency  of  the  input  signal,  as  follows: 

8*  =  C j  (aj  sin  cot  +  a2  cos  cot  +  a3  sin  2 cot  4-  a4  cos  Scot  +  .  .  .) 

where  C j  is  the  proportionality  constant  connecting  a  course  deviation  to  a 

helm  angle  to  bo  called  for, 

00  is  the  amplitude  of  course  deviation,  and 

a  a2,  a3,  and  a4  arc  the  coefficients  of  Fourier  series  which  may  be  obtained  through  the 
usual  procedure  of  Tourier  expansion  if  the  form  of  8*  is  given. 


Considering  here  that  all  linear  elements  (viz,  a  ship,  steering  gear,  and  compass)  are  much 
more  insensitive  to  a  signal  with  the  higher  frequency,  we  can  neglect  all  the  higher  frequency 
terms.  This  is  the  approximation  of  Kochenburger,  and  its  validity  depends  upon  how  much 
the  higher  frequency  signal  decays  through  the  linear  elements  and  also  how  much  higher  fre¬ 
quency  components  are  included  in  the  original  S*;  viz,  how  much  the  original  8*  resembles 
a  pure  sinusoidal  form.  In  the  present  case,  Kochenburger’s  approximation  may  be  fairly  '-alid 
because  a  ship  is  quite  insensitive  to  a  high-frequency  steering  because  of  her  large  inertia, 
and  also  the  basic  action  of  an  autopilot,  even  with  a  weather-adjust,  is  proportional  control 
that  produces  a  sinusoidal  output  in  response,  to  a  sinusoidal  input.  This  is  shown  clearly 
in  Figure  6,  which  illustrates  a  record  of  yawing  of  a  full-loaded  cargo  boat  in  rough  sea  under 
autopiloting.4  Although  this  autopilot  has  a  weather-adjust  mechanism  and  another  discontin¬ 
uous  element  called  a  telemotor- adjust  (refer  to  Section  2.3),  the  resulting  ship  motion  mav  be 
considered  a  sinusoidal  motion,  on  the  whole,  except  for  small  ripples  caused  by  each  wave 
encountered. 

Thus,  neglecting  higher  frequency  terms  in  the  output  of  an  autopilot,  we  obtain  a 
description  of  a  response  character  of  an  autopilot  even  with  a  nonlinear  element  in  a  similar 
form  as  for  a  linear  element,  as  follows: 


when 


where 


0  -  0Q  sin  co t. 


5*  =  C t  Ay  0q  sin  (cot  + 

Ay  =  \ja*  +  and  cf>  y  =  tan 


It  should  be  carefully  noted  that  the  amplitude  ratio  Ay  and  phas  difference  are  functions 
not  of  a  frequency  co  as  for  linear  elements  but  of  an  input  amplitude  0Q  in  this  case,  because 
Fourier  coefficients  ax  and  a2  vary  naturally  with  forms  of  8*  and  then  with  amounts  of  0Q. 
This  is  just  one  of  the  remarkable  features  of  nonlinear  elements. 

Rewriting  the  relation  in  the  complex  form,  we  get 

5*  =  Aye^^  %eic)t  when  0  =  dQeio}t  [6] 


The  complex  function  A^e  V  is  called  a  describing  function  of  the  nonlinear  element. 

Then  considering  together  the  relations  [5]  and  [6],  we  can  determine  how  the  amplitude 
and  phase  of  a  sinusoidal  signal  vary  in  circulating  through  the  control  loop;  the  amplitude  is 
multiplied  by  ALAy  and  the  phase  shifts  by  (<f> L  +  The  overall  amplitude  ratio  ALAy 

and  phase  shift  (4> ^  +  <j>y)  are  functions  of  the  frequency  and  initial  amplitude  of  a  circulating 
signal. 

Now  assuming  an  amount  of  initial  amplitude  0Q,  the  overall  phase  shift  may  equal  2u 
for  a  certain  co.  If  the  overall  amplitude  ratio  ALAy>l  for  those  assumed  and  co,  a  signal 
with  0Q  and  co  may  grow  up  in  circulating  through  the  loop  because  a  phase  shift  of  277  is 
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identical  with  no  phase  shift.  Then  in  this  case  the  control  system  is  unstable  for  the  initial 
amplitude  6Q.  On  the  contrary,  if  A ^  A^<1  for  these  dQ  and  at,  the  signal  may  decay  in  circu¬ 
lating  through  and  then. the  system  is  stable  for  the  initial  amplitude  0Q.  This  is  the  principle 
of  Kochenburger’s  stability  criterion.  This  criterion  is  usually  carried  out  in  a  graphic  pro¬ 
cedure  of  the  following  manner  (referring  to  Figure  3): 


1.  Plot  A^e  ^ N  and  1/ A^e  ^  1‘  on  a  complex  variable  piano,  taking  a  parameter  as  for 
the  former  and  as  a>  for  the  latter; 


encircles  completely  the  other  curve  representing 
,  the  control  system  is  stable  for  all  conditions.  This  is  the  case  of  the  chain  lines 
in  Figure  3. 


ANe 


2.  If  the  curve  representing  1/A^e 

:<t>N 


3.  If  the  two  curves  intersect,  the  system  is  stable  for  those  amplitudes  for  which  the 

i 0  1  f 

A^e  curve  is  inside  the  \/A^e  curve,  and  unstable  for  those  amplitudes  for  which 

'0  V  .  .  ‘4>  r 

,>  miMfA  nnlei^A  ilio  1  A  ft 


the  AMe  ,Y  curve  is  outside  the  1/A,  e  “  curve. 


Then  there  may  be  two  cases:  one  where  the  system  is  unstable  in  small  amplitudes  and 
stable  in  large  ones,  and  the  other  where  the  system  is  stable  in  small  amplitudes  and 
unstable  in  large  ones.  In  the  former  case,  a  self-exciting  oscillation  occurs  because  the 
system  is  unstable  at  rest,  and  the  oscillation  grows  up  to  an  amplitude  represented  by  the 
intersection  between  the  two  curves  because  the  system  becomes  stable  for  the  larger 
amplitudes.  Thus  finally  appears  a  sustained  oscillation  with  an  amplitude  and  frequency 
represented  by  the  intersection.  This  is  so-called  “soft  self-excitation,”  and  a  sustained 
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yawing  of  a  ship  under  autopiloting  may  be  accounted  as  this  kind  of  oscillation,  as  discussed 
in  Section  2.2.  The  latter  case  corresponds  to  so-called  “hard  self-excitation,”  but  it  has  no 
relation  to  the  present  analysis. 

This  graphic  procedure  is  based  upon  the  foregoing  principle  of  the  Kochenburger 

criterion.  It  may  be  easily  understood  by  noting  that  a  set  of  cross  points  where  a  radial  line 

from  the  origin  intersects  the  two  curves  represents  those  combinations  of  0Q  and  a  for  which 

itj>  *1 

the  overall  phase  shift  (</> L  +  4> N)  equals  2 n,  and  also  that  the  1  / A Le  curve  outside  the 

i<j>  .» 

A^e  n  curve  means  that  1/ A ^  >  A^  and  then  A^A^  <  1. 


2.  SUSTAINED  YAWING  CAUSED  BY  WEATHER-ADJUST  ACTION,  AND  A 
SURVEY  OF  SEVERAL  MEANS  FOR  AVOIDING  SUSTAINED  YAWING 

2.1  FUNCTION  OF  A  WEATHER-ADJUST  MECHANISM 


A  weather-adjust  action  has  been  provided  traditionally  by  inserting  a  backlash  (that 
is,  an  idle  clearance)  into  linkages  transmitting  a  course-deviation  signal.  Now  denoting  the 
amount  of  the  clearance  converted  into  the  scale  of  course  deviation  by  2 a  response  of  an 
autopilot  with  a  weather-adjust  to  a  sinusoidal  input  signal  0  =  0Q  sin  at  may  be  obtained  as 
follows  by  reasoning  of  the  action  of  the  autopilot  referring  to  Figure  2. 


where  C  l  is  a  constant  of  proportional  control  connecting  5*  to  course  deviation  9. 

Although  recently  some  new  kinds  of  autopilots  transmitting  control  signals  not  by 
mechanical  linkages  but  by  electric  circuits  are  used  more  widely,  the  action  described  by 
the  formulas  [7]  has  been  followed  in  these  new  devices. 

Then  following  Kochenburger,  we  expand  this  8*  in  a  Fourier  series  and  take  the 
fundamental  frequency  components  only. 

8*  =  C j  90  (aj  sin  cot  +  a2  cos  at) 
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2.2  SELF-EXCITING  YAWING  CAUSED  BY  WEATHER-ADJUST 

Taking  three  representative  ships  as  indicated  in  Figures  4  and  5,  we  examine  direc¬ 
tional  stability  under  autopiloting.  These  ships  may  be  considered  to  represent  well  the 
merchant  ships  in  use  at  present  so  far  as  maneuverability  is  concerned.  Steering  gears  in 
the  treatment  are  usual  electrohydraulic  ones  with  a  steering  rate  of  hard-over  to  hard-over  per 
30  sec.  The' constant  of  proportional  control  Cj  is  varied  as  1,2,  and  4, 

The  results  indicate  that  the  two  ships  in  full-load  condition  get  into  self-exciting, 

sustained  yawing  by  weather-adjust,  except  for  one  case  of  the  cargo  boat  (Ship  B)  with  the 

iff)  -  iff} ,, 

smallest  Cl  because  the  1  /A^c  curve  is  inside  the  A^e  curve  for  small  amplitude 

(large  b)  and  the  former  outside  the  latter  for  large  amplitude  (small  b).  The  amplitude  and 
frequency  of  the  yawing  depend  on  the  dynamic  character  of  a  ship  represented  by  the  ind:ces 
K,  Tj,  T2,  and  T3  and  also  the  constant  of  proportional  control  Cy  The  amplitude  is  also 


Figure  4  —  Stability  Criterion  for  Autopiloting  of  a  Full-Loaded  Tanker, 
Showing  Self-Exciting  Yawing 
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Ship  B,  full-lo adert  Cargo-bost  .08  45  6.0  10 
Ship  C,  ballasted  Cargo-boat  .06  12  2.0  5.0 


Figure  5  —  Stability  Criterion  for  Autopiloting  of  a  Full-Loadod  Cargo  Boat 

and  a  Ballasted  Cargo  Boat 

proportional  to  the  amount  of  weather-adjust  0b,  and  it  rises  in  this  case  to  1 . 5- —  2. 5  0 The 
period  distributes  from  several  scores  of  seconds  to  209—300  sec  at  the  largest.  This  yawing 
is  naturally  accompanied  with  a  seif-exciting  alternating  movement  of  a  rudder,  and  its  ampli¬ 
tude  is  Cj  times  as  largo  as  the  amplitude  of  yawing. 

Yawing  records  of  a  full-loaded  cargo  boat  under  autopiloting  with  woather-adjbst 
obtained  by  Motora,4  a  sample  of  which  is  shown  in  Figure  6,  indicate  such  an  order  of 


Figure  6  —  Yawing  Record  of  a  Full-Loaded  Cargo  Boat  under 
Autopiloting  in  Rough  Sea 
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sustained  yawing,  and  it  may  result  from  this  reason.  According  to  Motora,  a  loss  of  propul¬ 
sive  power  caused  by  the  yawing  may  rise  to  10  ~  20  percent  of  a  normal  one.  This  is  of 
course  quite  a  considerable  power  loss. 

A  ballasted  cargo  boat  (Figure  5)  does  not  get  into  the  self-exciting  yawing  even  for 
the  largest  proportional  control  constant;  viz,  C,  =  4.  This  indicates  that  those  ships  with 
excellent  inherent  stability  on  course  are  free  from  the  sustained  yawing  caused  by  weather- 
adjust. 

2.3  MEANS  OF  AVOIDING  SUSTAINED  YAWING  CAUSED  BY  WEATHER-ADJUST 

Considering  the  foregoing  severe  power  loss  caused  by  sustained  yawing  and  also 
other  possible  disadvantages  of  the  accompanying  wild  steering,  it  is  quite  important  to 
devise  some  effective  means  of  avoiding  the  wild  performance. 

1.  Weather-Adjust  Using  a  Dead-Band  Action 

To  use  a  “dead  band”  action  in  place  of  a  backlash  for  weather-adjust  may  be  one  of 
the  most  preferable  means  for  the  present  purpose.  This  action  is  indicated  in  Figure  7. 


-e 


Figure  7  —  Action  of  Dead-Band 
Weather-  Adjust 


Namely,  the  dead-hand  mechanism  shows  no  response  to  an  input  signal  smaller  than  a  cer¬ 
tain  amount,  for  a  signal  larger  than  this  amount  the  dead  band  mechanism  produces  an  output 
signal,  the  magnitude  of  which  is  always  smaller  than  that  of  the  input  by  the  same  amount, 
whether  the  input  is  increasing  cr  decreasing.  I't’on  Hr>aH-hqr,d  action  induces  no  phase  sh’rt, 
and  this  is  the  important  difference  between  dead-band  and  backlash. 

Since  the  dead-band  induces  no  phase  shift  for  all  amounts  of  input  amplitudes,  the 


t\  e  curve  for  it  is  naturally  a  straight  line  along  the  real  axis  connecting  the  point 
e  i<t>  t  i$>  hi 

(-1,0)  to  the  origin.  Then  all  possible  1  e  curves  are  always  outside  the  A^e  1 

curve  and  therefore  a  ship  under  autopiloting  with  a  dead-band  mechanism  in  place  of  the 

usual  weather-adjust  backlash  never  gets  into  any  sustained  yawing. 

Concerning  the  avoidance  of  frequent  steering  in  response  to  each  wave  encountered, 

dead-hand  and  backlash  have  quite  the  same  performance.  Thus  to  use  dead-band  as  a  new 
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weather-adjust  mechanism  may  bo  one  of  the  most  preferable  means  for  avoiding  the  frequent 
steering  in  a  rough  sea  without  inducing  the  sustained  yawing. 

There  may  be  several  practical  devices  of  realizing  the  (lead-band  action  by  being  in 
serted  into  the  autopilot  circuit;  for  instance,  to  short-circuit  a  certain  width  of  the  winding 
of  a  potentiometer  generating  a  course  deviation  signal,  or  to  use  auxiliary  relays  for  the 
purpose.  The  details  of  the  device,  however,  remain  with  future  development  in  autopilot 
design. 

2.  Weather-Adjust  Using  a  Low-Pass  Filter 

The  use  of  a  low-pass  filter  for  avoiding  frequent  steering  in  rough  sea  his  been  pro¬ 
posed  for  the  first  time  by  Motora,4  and  discussed  in  detail  by  Rydill..7  The  idea  is  based 
upon  the  fact  that  the  frequency  of  each  wave  encountered  is  fairly  high  and  therefore  frequent 
steering  may  be  avoided  hv  inserting  a  circuit,  insensitive  to  high-frequency  sitrnal  into  a  con¬ 
trol  loop  of  an  autopilot.  There  is,  however,  a  difficulty  that  such  a  low-pass  filter  induces 
generally  a  certain  amount  of  phase  shift  in  transmitting  control  signals  am!  then  spoils  more 
or  less  the  stability  of  the  control  system,  also  as  is  pointed  out  by  Rydill.  Thus  the  major 
subject  concerning  the  use  of  a  low-pass  filter  for  the  purpose  is  how  to  select  parameters  of 
a  filter  in  order  to  obtain  the  most  effective  avoidance  of  frequent  steering  with  the  least  loss 
of  the  stability  of  the  whole  system.  This  is  a  typical  compromising  problem  and,  on. ploying 
a  modern  approach  of  synthesizing  servomechanisms,  Rydill  has  treated  tips  problem-7 

It/)  » 

A  long  dotted  curve,  in  Figure  4  represents  the  1 A  t  e  '  curve  for  Ship  A  with  a  simple 
first-order  low-pass  filter  with  a  time  constant  of  25  sec.  Since  in  this  case  the  weather-adjust 
backlash  is  replaced  by  the  filter,  the  whole  system  stability  may  be  judged  from  that  distance1 

*  d>  / 

at  which  the  l/Af  e  curve  passes  near  the  point  (-1,  0)  according  to  the  N’vquist  stability 
criterion  that  is  also  quotc-d  in  References  2  and  7.  In  this  case,  the  phase  margin  (that  is, 
an  index  of  system  stability  in  the  Nyquist  criterion)  is  very  small  (about  5  deg)  and  accord¬ 
ingly  the  stability  is  very  low.  On  the  other  hand,  the  time  constant  of  25  sec  is  not  suffi 
cient  for  avoiding  a  steering  in  response  to  each  wave,  as  a  period  of  encounter  may  fairly 
exceed  10  sec  in  a  following  sea.  Then  in  this  case  the  use  of  the  low-pass  filter  seems  not 
so  promising. 

Although  the  second-order  low-pass  filter  treated  by  Rydill  indicates  a  more  excellent 
performance  for  the  purpose,  there  may  remain  a  question  of  whether  avoidance  of  the  frequent 
steering  in  rough  sea  and  the  system  stability  may  both  be  sufficient,  even  with  the  well- 
synthesized  filter,  particularly  for  those  ships  with  not  so  good  inherent  stability  on  course, 
as  are  the  cases  for  full-loaded  usual  merchant  ships. 

3.  Use  of  Rate  Control  or  Angular  Velocity  Control 

A  rate  control  means  to  actuate  a  rudder  not  only  in  proportion  to  course  deviation  but 
also  to  the  time  rate  of  the  deviation.  Namely,  the  control  may  be  represented  by  the  formula 
as  follows:  5*  =  -  C,0  -  CJ 
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This  control  is  well  known  as  the  most  effective  moans  of  improving  the  stability  under 
autopiloting.  Now  let  us  consider  the  contribution  of  the  rate  control  to  eliminate  the  self¬ 
exciting  yawing. 

We  take,  as  a  standard  extent  of  the  rate  control,  so-called  “optimum  damping.”  Too 
much  rate  control  results  in  a  slow  motion  in  course-changing,  whereas  too  little  rate  control 
cannot  show  well  enough  the  advantage  of  the  control.  An  optimum  damping  is  providod  by 
adding  just  a  sufficient  and  necessary  extent  of  rate-control,  and  the  extent  may  be  easily 
estimated  using  the  Nyquist  criterion;  viz,  select  the  extent  of  rate-control  so  that  a  phase 
margin  for  that  extent  equals  35  deg  ~  40  deg.  For  instance,  the  optimum  damping  is  provided 
for  Ship  A,  a  full-loaded  tanker,  by  =  3  sec;  and  for  Ship  B,  a  full-loaded  cargo  boat,  by 
C2  =  5-^7  sec,  where  C2  represents  a  constant  of  rate  control,  indicated  above. 

Now  carrying  out  Kochenburger’s  criterion  for  Ship  A  under  autopiloting  with  the  usual 
weather-adjust  action  and  the  optimum  rate  control,  we  know  the  ship  still  gets  into  a  sus¬ 
tained  yawing  but  with  a  smaller  amplitude  than  for  no  rate  control.  The  amplitude  cannot  be 
considered  sufficiently  small  as  the  reduction  is  about  30  percent.  Referring  to  the  result, 
much  more  extent  of  rate  control  might  be  required  in  order  to  eliminate  the  yawing  sufficiently 
by  only  this  means.  It  seems  that  this  is  not  a  reasonable  means  of  avoiding  the  sustained 
yawing. 

4.  Damping  Using  a  “Negative”  Backlash  —  A  Telemotor-Adjust  Mechanism 

This  mechanism  has  been  used  for  a  long  time,  together  with  the  usual  weather-adjust 
mechanism,  and  in  some  cases  even  new  mechanisms  employing  an  auxiliary  relay  to  simulate 
this  action  are  in  use.  In  this  mechanism  an  amount  of  backlash  is  inserted  into  a  mechanical 
feedback  linkage,  which  transmits  an  output  signal  8*  back  to  an  electric  contact  actuating  a 
driving  motor.  The  action  of  the  mechanism  is  to  compensate  a  phase  lag  in  transmitting  a 
control  signal  by  “rewinding”  that  occurs  when  the  input  signal  changes  a  direction  of  motion, 
as  is  shown  in  Figure  8.  Although  the  original  utility  of  the  mechanism  is  to  compensate  a 
possible  idle  movoment  in  a  telemotor  link,  a  stabilizing  effect  by  the  phase  compensation  is 
more  important,  and  usually  this  backlash  is  adjustod  so  as  to  overcompensate  an  idle  move¬ 
ment  in  a  telemotor  link  to  yield  a  “phase  lead.”  Such  an  adjust  is  called  “over-telemotor 
adjust.”  In  other  words,  this  mechanism  is  another  kind  of  damping  means  to  raise  stability 
in  autopiloting. 

The  stabilizing  effect  of  the  mechanism  may  be  also  analyzed  by  Kochenburger’s 
criterion.  Considering  the  mechanism  together  with  a  usual  weat'ner-adjust  mechanism,  as 
is  shown  in  Figure  8,  we  obtain  Kochenburger’s  description  on  a  response  of  an  autopilot 
with  these  mochanisms  as  follows: 
when 

0  =  60  sin  col, 

5*  ,  , 

-  =  a.  sin  a >t  +  a0  cos  cot 

ci«o 
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-  V 6(1-6)  •  11-26  (1  -2/9)1 

77 


4 

a2  -  -  1 6  (1-6)-/,  6(1  -  26)1 
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where  6  =  db  0Q  and  B  =  0^,  6b  and  where  2 is  the  amount  of  “negative”  backlash  con¬ 
verted  into  the  scale  of  course  deviation.  Kochenburger’s  plotting  in  this  case  is  shown  in 
Figure  9.  It  indicates  that  the  amplitude  of  the  sustained  yawing  decreases  by  about  20  per¬ 
cent  through  using  this  damping  means  with  ft  =  0.6. 

Since  this  amplitude  is  not  sufficiently  small  and  any  more  improvement  cannot  be  ex¬ 
pected  by  the  mechanism  referring  to  tne  result,  it  may  be  concluded  that  the  damping  by  over¬ 
telemotor-adjust  is  not  satisfactory  to  avoid  the  self-excitir.g  yawing. 

5.  Helm-Angle  Limitation 

Most  autopilots  have  helm-angle  limitation  mechanisms,  the  aim  of  which  may  be  to 
avoid  wild  steering  of  a  large  amplitude  experienced  in  rough  sea.  Denoting  a  limit  angle  of 
helm  by  Ss,  we  obtain  Kochenburger’s  description  of  the  response  of  an  autopilot  with  a  helm 
angle  limitation,  as  well  as  a  normal  weather-adjust,  as  follows: 


when 


6  =  0Q  sin  cut 
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Figure  9  -  Effects  of  “Over-Telemotor  Adjust”  Damping 
and  Helm-Angle  Limitation 


Wo 


=  a.  sin  cot  +  a2  cos  oil 


cos- 1 1-  (y  +  1)  61  -  eos  1  (y-l)6+6(y  +  l)  \j i  -  6"  (y  + 1)2  +  6  (y  -  l)xA  b  (y  1)  _ 


where  b  =  db/0Q 


and 


77 


These  formulas  are  valid  for  6  (y  +  1)  <  1  and  for 


6  (y  +  1)  >  1,  the  helm-angle  limitation  has  no  effect,  because  it  means  that  an  amplitude  of 
5*  does  not  reach  the  limiting  angle  of  helm.  Koehenburger’s  plotting  for  this  ease  is  also 
shown  in  Figure  9  by  long  dotted  lines;  the  helm  limitation  shows  no  effect  for  amplitudes 

smaller  than  6  (y  +  1)  >  1,  and  for  amplitudes  larger  than  b  (y  +  1)  <  1  the  ANe  curve 
returns  to  the  origin.  The  result  shows  that  the  helm  limitation  of  10  deg  somewhat  reduces 
the  frequency  of  the  sustained  yawing,  while  it  does  not  affect  the  amplitude.  If  the  limiting 
angle  8  is  reduced  more,  the  slower  is  the  sustained  yawing  (the  smaller  a)  and  also  the 
amplitude  may  decrease.  It  is  difficult,  however,  to  take  a  too  small  S  ,  because  at  least  a 
certain  amount  of  helm  angle  is  required  to  keep  a  course  against  a  sustained  disturbance; 
for  instance,  a  constant  wind  blowing  abeam.  Considering  that  the  least  necessary  helm 
angle  may  rise  fairly  to  10  deg,  it  seems  that  the  helm  limitation  is  not  so  promising  to  ease 
the  self-exciting  yawing. 
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3.  SOME  NOTES  ON  EFFECTS  OF  INHERENT  CHARACTERS  OF  A  SHIP  AND 
A  STEERING  GEAR  UPON  THE  WHOLE  SYSTEM  PERFORMANCE 


3.1  INHERENT  MANEUVERABILITY  OF  A  SHIP  AND  THE 
STABILITY  OF  THE  WHOLE  SYSTEM 

An  inherent  character  of  a  ship  in  steering,  usually  called  steering  quality  or  maneu¬ 
verability,  may  be  described  by  the  equation  of  motion  [1]  or  the  transfer  function  in  steering 
as  follows:6 

K  (1 +  T3p) 

Ys (p)  =  (l  +  7»(l  +  7» 

The  results  given  in  Section  2.3  indicate  that  those  ships  with  low  inherent  stability, 
that  means  large  value  of  Tv  yield  a  low  stability  under  autopiloting  and  then  are  easy  to  get 
into  a  self-exciting  yawing.  This  is  a  reasonable  conclusion. 

Next  the  contribution  of  the  index  T3  is  worthy  of  notice.  T3  represents  originally  a 
contribution  of  steering  rate  in  initiating  turning  motion  and  accordingly  a  large  T3  contributes 
largely  to  an  inherent  maneuverability.  The  effect  of  7\  is,  however,  not  so  dominant  that  it 
is  a  fairly  sufficient  treatment  to  consider  T3,  together  with  T2 ,  in  a  form  of  correction  to  T, ; 
viz,  to  use  a  single  time  constant  T  ■=  Tx  +  T2  -  T3  in  place  of  T j  and  to  neglect  7’2  and  Ty 
This  is  the  first-order  simulation  which  indicates  wide  utilities  in  a  brief  and  plain  descrip¬ 
tion  of  steering  motion  of  a  ship.6 

In  the  case  of  autopiloting,  however,  the  effect  of  T3  is  quito  dominant.  Consequently 
the  first-order  simulation  loses  its  validity  in  this  case,  as  is  shown  in  Figure  10.  This 
depends  on  the  fact  that  the  frequency  which  is  the  mo9t  significant  for  the  stability  under 
autopiloting  is  relatively  high,  while  the  first-order  simulation  has  originally  its  main  utility 
in  a  low-frequcncy  phenomenon. 


3.2  RESPONSE  CHARACTER  OF  ELECTROHYDRAULIC  STEERING  GEARS 


A  variable-displacement  pump  used  for  an  electrohydraulic  steering  gear  drives  a  ram, 
which  is  connected  to  a  tiller  by  a  speed  that  is  proportional  to  (5*  -  5),  where  S  is  the  ac¬ 
tual  helm  angle  and  S*  is  the  helm  angle  called  for.  Then  we  obtain  an  equation  of  motion  of 
a  steering  gear  as  follows: 


S 


=  S* 


where  Tg  is  the  time  constant  of  a  steering  gear  that  is  related  immediately  to  the  foregoing 
proportionality  constant  connecting  (5*  -  5)  to  the  ram  speed. 

The  time  constant  Tg  has  a  value  of  about  1.6 ~  1.8  sec  for  the  usual  steering  gear 
with  a  steering  rate  of  hard-over  to  hard-over  per  30  sec.  The  inertia  of  all  moving  parts  may 
be  neglected  because  of  the  relatively  slow  movement.  In  addition,  the  above  equation  is 
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Figure  10  -  Error  of  First-Order  Simulation  in  Autopiloting  Analysis 
and  Effect  of  Steering  Gear’s  Response  Character 


disturbed  when  (5*  -  S)  fairly  exceeds  several  degrees  as  the  case  of  hard-over  steering,  but 
such  a  case  does  not  appear  usually  under  autopiloting. 

i  i 

To  examine  the  effect  of  a  response  character  of  a  steering  gear,  the  l/ALe  L  curves 
with  Tg  =  0  and  Tg  =  1.7,  that  is  a  usual  value,  are  compared  in  Figure  10.  Referring  to  the 
result,  a  response  character  of  a  steering  gear  has  slight  effect  upon  the  whole  system  per¬ 
formance,  particularly  for  usual  merchant  ships,  by  reason  of  the  relatively  small  value  of  its 
time  constant. 


CONCLUSIONS 

1.  The  weather-adjust  mechanism  now  in  use,  which  is  for  avoiding  a  ceaseless  steering 
in  response  to  each  wave  encountered  in  rough  sea,  often  induces  a  self-exciting,  sustained 
yawing.  A  propulsive  power  loss  caused  by  the  yawing  may  sometimes  exceed  10  percent  of 
normal  power 

2.  Use  of  a  dead-band  mechanism  in  place  of  a  backlash,  the  one  usually  used,  may  be 
the  most  preferable  means  of  avoiding  the  ceaseless  steering  in  rough  sea  without  inducing 
any  reduction  of  the  stability  of  the  whole  system  and  then  any  bad  performance  as  the  self¬ 
exciting  yawing. 

3.  An  adequate  amount  of  rate  control  is  desirable  in  order  to  yield  a  sufficient  stability 
under  autopiloting.  An  optimum  proportionality  constant  of  rate  control  depends  on  the 
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dimensions,  speed,  relative  rudder  size,  and  load  condition  of  a  ship.  It  may  be  about  3-~7 
sec  for  full-loaded  merchant  ships. 

4.  Thus  performances  of  present  autopilots  may  bo  much  improved  by  using  a  dead-band 
element  for  avoiding  the  ceaseless  steering  in  rough  sea,  together  with  an  adequate  amount 
of  rate  control. 

5.  A  bad  inherent  stability  of  a  ship  on  course  (a  large  value  of  the  stability  index  T j) 
injures  also  the  stability  under  autopiloting.  The  time  constant  T 3,  another  index  Of  the 
steering  quality,6  contributes  so  considerably  to  stability  under  autopiloting  that  the  first- 
order  simulation  in  steering,  which  has  wide  utilities  on  treatments  on  usual  steering  motion,6 
is  completely  invalid  for  the  analysis  of  automatic  steering. 

6.  The  response  character  of  a  steering  gear  affects  the  performance  of  autopiloting  rel¬ 
atively  little,  particularly  in  cases  of  full-loaded  merchant  ships  which  have  fairly  large  time 
constants. 

7.  Stabilizing  by  means  of  so-caiied  ‘•over-telomotor-adjust”  mechanisms  is  not  very 
promising  for  autopiloting  in  rough  sea. 

k.  Helm-angle  limitation  seems  to  be  unnecessary  so  far  as  autopiloting  performance  is 
concerned. 
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1.  Introduction 

In  the  course  of  the  last  fifteen  years,  the  interest  in  and  knowledge 
of  the  many  aspeets  of  steering  and  control  of  ships  have  rapidly 
grown  among  naval  architects.  Today  the  subject  is  reeognized  as 
one  of  the  utmost  practical  importance,  and  new  facilities  for  the 
experimental  verification  of  theories  and  for  the  guidance  of  future 
design  are  established  at  many  model  basins. 

At  the  Swedish  State  Shipbuilding  Experi¬ 
mental  T  a  n  k  (SSPA)  there  is  as  yet  no  manoeuvring  basin,  blit 
a  complete  instrumentation  is  available  for  different  types  of  tests 
with  radio-controlled  models  in  a  small  lake  near  (lothenhnrg.  For 
use  on  the  lowing  carriage  in  the  850  ft.  model  basin,  the  equipment 
includes  one  old,  twin  strut,  all-meehanieal,  three-component  balance 
(for  submerged  models  only)  and  one  single  strut,  resistance-wire 
strain  gauge,  six-component  balance  for  internal  mounting,  both 
designed  for  the  measurement  of  forces  on  eaptive  models  in  stationary 
oblique  towing.  An  exhaustive  test  program  has  been  initiated  for 
studies  of  a  modern  eargo  liner  form. 

The  reasons  underlying  the  new  inquiries  are  many.  A  constant 
stimulation  is  provided  by  the  advancements  in  aerodynamics  and 
control  engineering  and  also  by  the  new  measuring  techniques  devcl 
oped  in  all  branches  of  ship  model  testing. 

In  this  report  some  of  the  problems  and  progress  arc  reviewed 
and  an  introduction  is  given  to  the  modern  treatment  of  the  charac¬ 
teristics  and  stability  of  surface  ship  motion. 

Section  3  contains  a  short  attempt  to  summarize  the  achievements 
of  the  last  eighty  years,  and  the  accompanying  bibliography  in  Seetion 
i  i  lists  about  ninety  titles. 

In  Seetion  4  are  formulated  the  general  equations  of  motion  for  a 
bod'r  floating  on  the  surface  or  submerged.  Before  proceeding  to  a 
further  investigation  of  the  stability  and  motion  of  a  surface  ship  on  a 
calm  sea,  two  sections  are  devoted  to  a  discussion  of  the  stationary  and 
non-stationary  forces  on  hull  and  rudder,  with  illustrative  examples. 

The  equations  for  the  motion  of  a  ship  with  a  proportional  rudder 
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control  are  simplified  and  normalized  in  Section  7.  The  next  section 
leads  to  the  algebraic  criterion  for  inherent  dynamic  stability,  deduced 
by  inspection  of  the  characteristic  equation,  whereas  Section  9  makes 
use  of  elementary  frequency  response'  methods  and  the  Nyquist 
criterion  for  the  directional  stability  of  the  steered  ship. 

The  report  ends  with  a  few  comments  on  manoeuvring  performance 
related  to  course  stability. 

Gothenburg  in  September  ?959. 
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2.  Symbols  and  Units 


When  applicable,  the  symbols  have  been  chosen  in  accordance  wit  h  the  nomenclature 
of  the  Technical  and  Research  Bulletin  No.  1  —  5,  published  by  the  Society  of 
Naval  Architects  and  Marino  Engineers  in  1950.  In  a  few  other 
cases,  resort  has  been  made  to  accepted  practice  in  aerodynamics  or  control  en¬ 
gineering. 

In  the  discussion  of  component  motions  and  of  the  hydrodynamic  forces  acting  on  the 
ship  and  its  rudder,  use  is  made  of  an  orthogonal  right-handed  system  of  body  axes, 
( Oxyz ),  with  its  origin  in  the  centre  of  gravity  and  moving  with  the  body.  (Contrary 
to  submarine  standard  code,  a  left-handed  system  of  body  axes  is  often  used  for  surface 
ships,  giving  equal  signs  to  the  angle  of  drift  and  the  corresponding  drifting  velocity.) 
The  equations  of  motion  are  referred  to  these  coordinates  as  well,  the  changes  of  linear 
and  angular  momentum  of  course  being  expressed  with  reference  to  a  system  of  axes 
fixed  in  space.  Ultimately  the  treatment  is  greatly  simplified  by  considering  a  motion 
in  the  horizontal  xy -plane  only. 

Two  sketches  for  reference  are  presented  in  Figs.  1  and  2. 


Symbol 

Definition 

Physical 

Dimension 

Xon -Dimensional 

Form  as  Used 

A ,  li,  C, 

Coefficients  of  the  characteristic  equation 

! 

D,  L 

n 

Hearn 

Bjlj 

'’(*.) 

Tiieodorsen’s  function  (c/.  p.  32) 

_ 

- 

F 

External  force  (vectorial) 

Ml.T  » 

- 

L 

Fhoupe  nuinl>er 

- 

a 

Centro  of  gravity 

- 

-  1 

Total  open  loop  transfer  function  (frequ¬ 

- 

ency -rosponso  form) 

Q(») 

Transfer  function  (operator  form) 

— 

— 

-> 

H 

Angular  momentum  (vectorial) 

ML*T-‘ 

— 

H 

Draught 

L 

h;b,  hjl 

I XX  •  1 yy  > 

Maas  moment  of  inertia  about  the  axes  x. 

ML* 

Izz=m'k\ 

Izz 

y  and  z  resp. 

K 

Rolling  moment  about  the  x-axis 

MLT"1 

— 

K 

Static  loop  gain,  open  loop 

— 

L 

Length  of  ship  (on  WL) 

I. 

— 

L 

Lift  of  wing 

MLT-* 

cL  Lll  ir-  s 

362 


Symbol 

Definition 

Physical 

Dimension  1 

1 

Non-Dimensional 

Korin  as  Used 

M 

Magnification  factor  of  closed  loop 

_ 

_ 

-> 

M 

External  moment  (vectorial) 

ML-T  " 

M 

Pitching  moment  about  the  y-axis 

MOT  2 

N 

Yawing  moment  about  the  2-axis 

M)  rp-2 

•V'  xie,rasLL  \ 

Xl> 

Typical  stiffness  derivative  (.Y^  f/A*r) 

mi/i*-2 

Xi>  Xpi-,r'SLL 

^  r 

Typical  inoment-angnlar  velocity  (rotary) 

Mi  AT  » 

X'r  Xrll  & 

derivative 

Xr 

Typical  moment-angular  acceleration 

ML* 

x-  -v>/-,  sl.  !X 

derivative 

V* 

*•  r 

Typu..d  mnmiMit  velocity  derivative. 

Ml.T  1 

A,'.  Sr£cRLL 

.V  • 

V 

'I'vpical  moment -acceleration  derivative 

MI. 

f  o 

.V-  A  Sr  IS 

V  l  .» 

1( 

Kouth'm  discriminant 

R 

.Magnification  factor  of  transfer  function 

•r 

—(/<«') 

.1 

Ke 

S 

Hadins  of  turning  circle 
\rea  m  general 

L 

\r 

//,//, 

SL 

Lateral  area  of  n'forence  (here  etjiml  to 

L- 

/,//) 

T 

Period  of  time 

T 

7”  77'//. 

V 

Velocity  of  origin  of  body  axes  relative  to 

I.T  1 

the  fluid;  speed  of  ship 

", 

Velocity  of  rudder  relative  to  the  final 

>-T  ‘ 

X 

Hydrodynamic  force  on  body  along  the 

M  I.T  2 

r  axis 

y 

D:o  along  the  y  axis 

Ml.T  = 

() 

sL 

*  ,1 

Typical  stiffness  derivative  (  Y  ,  L  Yr 

.MET  2 

j 

V;, 

i'r 

Typical  force  angular  velocity  (rotary) 

Ml.T  1 

y'r  y rfi™ I.'* 

derivative 

y  - 

r 

Typical  force  angular  acceleration  deriva 

Ml, 

y'f  yrl-,sy" 

tive 

I  Typical  force-velocity  derivative 

MT  1 

y'r  yr I-, 
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Symbol 

Definition 

Physical 

Dimension 

Non-Dimensional 

Form  as  Used 

yi 

Typical  force-acceleration  derivative 

M 

'  iQ 

y.  =  y. /-  stl 

V(<5) 

Force  due  to  rudder  deflection,  on  rudder 

MLT~* 

r{S)~Y(S)j£xrsL 

and  hull 

Yd 

Derivative  of  l'(^) 

MLT-» 

v*8L 

7 

Hydrodynamic  forco  on  body  along  the 

MLT~*  1 

— 

1 

z- axis 

| 

a 

Distance  of  rudder  axis  aft  of  leading  edge 

L 

ajc 

" 

A  parameter,  defined  by  cq.  (9.6) 

— 

— 

c 

Chord  of  wing  or  rudder 

I, 

- 

/ 

A  parameter,  defined  by  eq.  (6.7) 

- 

- 

a 

Acceleration  of  gravity 

I.T-« 

- 

!  n 

A  parameter,  defined  by  eq.  (9.8) 

- 

- 

i.  j.  k 

Unit  vectors  along  the  axes  of  x,  y  and  z 

- 

- 

resp. 

k 

Reduced  frequency  of  ship  yawing 

- 

- 

/  L  ,a‘  \ 

H  "  r) 

^1 

/  r<rJi  \ 

D:o  of  oscillating  rudder  \kx  ] 

_ 

I-  . 

U 

'  *  ' 

|  radius  of  gyration  of  **bip 

mass  in  non-dimensional  form 

j 

k  Z  »  ^'y 

1  Coefficients  of  accession  to  inertia  in 

- 

- 

translation  along  x •  and  y- axes 

h°  k* 

KX'  K  y 

I):o,  corrected  for  free  surface  neglecting 

1  — 

gravity 

^zz 

1  Coefficient  of  accession  to  moment  of 

-  • 

- 

inertia  in  yawing  about  the  2-axis 

I):o,  corrected  for  free  surface  neglecting 

- 

gravity 

//i 

Mass  of  ship 

M 

»n'  =  m  SL  L 

”»x*  ”V 

Virtual  mass  of  ship  in  translation  alonjj 

M 

,  ° 

1  »<z  mrl-SLL 

the  x-  and  //  fixes 

j 

(»’„  m  (1  ;  ky)  or  iiiy  in  (!  ~  k°v)) 

r  r»  J 

my  "‘vl,,SLL 

Pi  •  />: 

Real  roots  of  a  quadratic  characteristic 

' 

— 

equation  with  supercritical  damping 

(7>i  <  Vz) 

1i 

Real  parts  of  complex  roots  of  a  charac 

- 

- 

teristic  equation 
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Symbol 

Definition 

Physical 

Non-Dimensional 

Dimension 

Form  as  Used 

9 

/  £  \ 

Stagnation  pressure  l^=  —  (/*  1 

ML"1  T— 2 

_ 

\  2  / 

tL 

T 

Angular  velocity  of  yaw 

T-i 

t'  ==  - 

1 

d 

u 

s 

A  derivation  symbol:  - ■.  Also  a  root 

rfl' 

1 

1 

of  the  characteristic  equation 

u 

t 

Time 

T 

i==  —  l 

Lj 

i 

Time  lag  duo  to  finite  rudder  speed 

T 

V  _ 
f  t 

/. 

u 

Speed,  or  small  change  of  speed  of  (centre 

LT-> 

u/l/ 

of  gravity  of)  ship  along  ilie  x-axis 

“o 

Constant  speed  of  ship  along  the  x-axis 

LT-> 

vJU 

i»,  w 

Speed  of  ship  along  tho  axes  y  and  z  reap. 

LT-* 

v/U,  ujV 

1  " 

Normal  velocity  of  oscillating  aerofoil 

LT-  > 

J-.  y.  z 

Orthogonal  coordinates  of  a  right-handed 

L 

1 

system  of  body  axes,  moving  with  tlie 
ship 

1  X 

Coordinate  along  chord  of  aerofoil 

I' 

! p 

Volumo  displacement  of  ship 

I.* 

" 

.i 

Aspect  ratio  (/l  =  span2/area) 

- 

.1 

Tuning  factor  (.l  =  fi//ton) 

- 

0  ( k,) 

V' 

Lift  function  of  oscillating  aerofoil 

f  1 

\  —  (/&>') 

Transfer  function  from  rudder  deflection 
to  yaw 

— 

-> 

o 

Angular  velocity  of  ship  (vectorial) 

T-‘ 

O, 

Angular  velocity  of  wing,  pivoting  about 

T-‘ 

- 

tho  mid-chord  point 

•t 

Anglo  of  attack  (cf.  Fig.  1) 

- 

- 

/» 

Angle  of  drift  or  sideslip  (/?  —  t?/C7) 

1  - 

•/ 

Coefficient  of  heading  error  term  in  pro 

I  y'  7 

portional  rudder  control 

l 

<5 

Rudder  anglo  (deflection) 

Rudder  angle  ordered  by  automatic 

— 

— 

control 

j  <5/j 

Block  coefficient  (<5 ji~V \LHH) 

- 

’i 

Lateral  area  coefficient  (true  lateral  area 

! 

product  HL) 

1  ■ 

). 

Relative  distance  of  rudder  (rudder  axis 

> 

— 

nft  of  (7  of  ship 

/> 

Relativo  density  of  ship  mass 

1  - 

- 

Magnification  factor  for  rate  of  yaw 

|  - 

- 

amplitude 
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Symbol 

Definition 

Physical 

Dimension 

Non -Dimensional 

Form  as  Used 

V 

Frequency  of  ship  yawing  oscillations 

X_1 

L 

k  —  7l -  V 

U 

e 

Density  of  displaced  water 

ML-5 

_ 

a 

Coefficient  of  rate  of  change  of  heading 

T 

,  v 
a  =  —  o 

term  in  proportional  rudder  control 

L 

<p 

Phase  shift  of  transfer  function 

- 

X 

Heading  angle  from  fixed  datum  direction 

- 

— 

V 

Angle  of  yaw,  or  heading  error 

- 

- 

CD 

Angular  frequency  of  ship  yawing  oscilla 

T  1 

Lto  L 

k  - - ,  aj'=—to 

2  U  U 

tions 

CD* 

Non-dimensional  frequency  of  ship 

— 

(cf.  above) 

yawing  oscillations  ( cf .  k) 

"n 

Non-dimensional  natural  frequency  of 

j 

undamped  free  oscillations 

Angular  frequency  of  rudder  oscillations 

T-i 

c  cu. 

Tho  subscript  a  applied  to  a  symbol  indicates  an  amplitude  value,  and  the  subscript 
c  a  constant  value  in  steady  circling.  In  Section  9  the  subscript  c  also  refers  to  “closed 
loop”,  whereas  the  subscripts  e,  t  and  o  indicate  tho  error,  input  and  output  signals  of 
a  servo  mechanism. 

Other  subscripts,  e.  g.  v,  r,  /?,  are  applied  to  define  the  partial  derivatives  of  the 
hydrodynamic  forces  and  moments  with  respect  to  these  modes  of  motion. 

A*  (dot)  over  a  symbol  stands  for  a  derivation  with  respect  to  time. 

A'  (prime)  of  a  symbol  is  used  to  indicate  tho  non-dimensional  form  {cf.  p.  38.) 


Fig.  I.  Body  axes  (jt yz)  and  flow  axis  {V). 
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3.  Course  Stability  and  Manoeuvring  of  Ships  —  a  Brief  Outline 

of  Literature 

This  paper  is  chiefly  concerned  with  the  development  of  some 
simplified  formulae  and  criteria  in  the  well-known  theory  of  ship 
motion,  and  with  a  discussion  of  a  few  questions  related  to  the  para¬ 
meters  of  these  equations.  It  is  advisable  first  to  give  a  brief  outline 
of  the  literature  pertaining  to  such  problems;  among  the  titles  reviewed 
here,  those  by  Sciioenherr,  Thieme  and  Berndt  as  well  as  the  recent 
survey  by  St.  Denis  and  Craven  a!!  contain  valueable  bibliographies. 

The  kinematics  of  manoeuvring  was  gradually  developed  by  many 
authors,  and  mention  must  here  be  made  of  the  treatise  by  Pollard 
and  Dudebout  (1894),  as  well  as  of  the  paper  by  Rothe  (1910),  in 
which  the  virtual  inertias  were  substituted  for  the  inertias  of  the 
hull  proper.  (The  concept  of  virtual  mass  and  virtual  moment  of 
inertia  had  been  introduced  by  Green  and  was  already  applied  by 
William  Fkoudk  in  his  work  on  the  rolling  of  ships.)  More  widely 
known  are  the  classic  memoirs  by  Hovgaard  (1912),  Klein  (1923) 
and  Kucharski  (1932),  the  latter  using  the  analogy  between  the  hull 
and  a  wing.  It  was  clearly  shown  that  the  motion  of  the  ship  is  largely 
governed  by  the  hydrodynamic  iotces  acting  upon  the  hull  itself,  and 
that  the  function  of  the  rudder  is  piorc  or  less  that  of  a  servo  controlling 
the  attitude  of  the  hull.  In  the  simple  example  of  a  steady  turn,  for 
instance,  the  small  effective  rudder  turning  force  (including  the  inter¬ 
ference  force  experienced  by  the  hull)  balances  the  inward  lateral  hull 
force  and  the  inertia  forces  due  to  radial  acceleration.  Most  rudders  of 
the  same  area  and  in  roughly  similar  positions  will  carry  almost  the 
same  maximum  lift  at  some  optimum  helm  angle;  thus  the  minimum 
turning  circle  is  essentially  a  function  of  hull  form  parameters. 

In  spite  of  these  early  findings,  the  majority  of  model  tests  on 
manoeuvring  was  devoted  to  the  study  of  rudder  stock  moments  and 
of  rudder  forces  or  "initial  ship  turning  moments”.  This  fact  might 
have  been  a  consequence  of  the  performance  of  the  steering  engine 
being  the  only  manoeuvring  quality  defined  in  engineering  terms  and 
regulated  by  the  classification  societies.  However,  a  modification  of 
the  rudder  and  tail  fin  usually  offers  the  only  way  of  improving  the 
steering  characteristics  of  an  existing  ship,  and  often  this  remedy  has 
proved  to  be  sufficient.  Regarding  the  turning  ability  of  the  ship,  there 
has  seldom  been  a,  serious  demand  for  radical  improvements,  the  adop¬ 
tion  of  twin  spade  rudders  on  destroyers  forming  a  possible  exception. 
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If  steering  or  course-keeping  was  thus  of  more  importance  than 
minimum  turning  circles,  at  least  in  the  eyes  of  the  practising  naval 
architect,  stability  and  control  in  flight  was  a  still  more  urgent  problem 
for  the  aircraft  designer  at  the  lieginning  of  the  cent  nary.  The  stability 
of  a  dynamical  system,  described  hv  Euler's  equations  for  moving 
hotly  axes,  had  already  been  studied  by  Routh  (1884),  who  linearized 
the  external  forces  for  small  deviations  from  a  state  of  equilibrium 
and  pointed  oht  the  significance  of  the  coefficients  of  the  determinantal 
equation.  By  introducing  the  force-velocity  derivatives  and,  when 
dealing  with  lighter-than-air  bodies,  acceleration  derivatives  in  the 
linearized  expressions  for  the  aerodynamic  forces  Bryan  (11)11), 
Bairstow  (1013).  Jones  (1921)  and  others  established  a  theory  for 
the  comp'ete  motion  in  the  six  degrees  of  freedom.  (The  acceleration 
derivatives,  of  course,  are  virtual  inertias  in  a  real  fluid  with  signs 
reversed.)  The  modern  presentation  of  the  normalized  equations  is 
due  to  (  Ilaleut  (1927).  Admittedly  the  theory  fora  long  time  remained 
of  academic  interest  chiefly,  as  it  was  confined  to  flying  with  controls 
fixed  or  free  and  there  was  no  means  of  analysing  the  human  pilot. 

Wei. Nin.ru  and  Ki'nzel  made  use  of  these  methods  in  two  papers  on 
ship  motion  published  before  the  last  world  war  (1937,  1938),  with  an 
actual  example  of  a  ship  mode!.-  In  a  contemporary  paper  Contensou 
(1938)  demonstrated  how  the  stability  of  a  stationary  motion  could  he 
inferred  from  an  implicit  representation  of  the  simultaneous  component 
equations  in  semi-polar  coordinates.  These  three  authors  also  gave 
the  analytical  criterion  of  an  inherent  dynamical  stability  on  straight 
course  nowin  use;  it  requires  a  knowledge  of  stationary  derivatives  only. 

The  conditions  of  directional  stability  in  automatic  steering  along 
a  fixed  course  had  been  discussed  by  Minorsky  (1922)  by  means  of 
the  technique  of  added  derivatives,  applied  to  a  simplified  onc-dcgree- 
of -freedom  oscillation  and  including  several  types  of  position  and  rate 
control.  Although,  he  was  able  to  form  some  conclusions  as  to  time 
lag  effects  too,  it  was  not  until  after  the  war  that  this  analysis  was 
renewed.  Until  then,  the  development  of  automatic  steering  devices 
had  also  been  left  more  or  less  without  the  aid  of  naval  architects. 

During  the  war  years  the  demand  for  automatic  controls  and  high 
manoeuvrability  of  submarines  and  surface  ships  made  necessary  an 
intensified  experimental  research  in  this  field,  and  the  data  then 
accumulated  indicated  new  aspects  of  the  problems.  In  his  1944  essay 
Davidson  demonstrated  what  could  and  could  not  be  achieved  by 
pure  common  sense  reasoning  applied  to  such  experimental  figures. 
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In  1 040  Davidson  and  Schikk  took  a  large  step  towards  a  better 
understanding  of  the  interrelation  between  the  performance  of  a  ship 
on  a  straight  course  and  in  turning,  pointing  out  the  nonlinearities  in 
the  behaviour  of  the  unstable  ship  and  including  an  interesting 
treatment  of  the  transients  when  entering  a  steady  turn.  They  also 
used  linear  theory  for  establishing  a  formula  for  the  radius  of  the 
turning  circle. 

Abkowitz  started  his  investigations  on  the  control  of  submarines 
from  the  general  equations  of  motion  set  up  for  aerial  flight.  Most 
of  his  results  were  given  in  unpublished  lecture  notes,  although  his 
approach  forms  the  basis  for  the  consistent  noinenclat  .ire  suggested  hv 
the  Society  of  Naval  Architects  and  M  a  r  i  n  e 
10  n  gi  n  ee  r  s  (1050).  Reference  is  also  given  to  .t  paper  by  Abko¬ 
witz  (1957)  on  ship  motion  in  pitch  and  heave,  where  the  same  general 
equations  are  used. 

The  choice  of  an  adequate  nomenclature  is  of  utmost  importance  to 
a  fruitful  communication  of  ideas,  and  realising  the  increasing  com¬ 
plexities  of  problems  of  the  future,  St.  Dknis  and  Cravkn  (105S) 
recently  put  forth  a  simplified  matrix  notation.  It  is  believed  that  the 
SXAMF  1050  code  will  still  he  a  standard  for  use  ill  most  practical 
applications,  however. 

'Flic  works  of  Davidson  and  Schikk,  and  of  Abkowitz,  made  much 
to  stimulate  cither  authors.  .From  the  Stevens  school  originate, 
among  many  others. a  report  by  Widi.ia.ms  ( 1 04 S) on  initial  stage  motion 
and  a  paper  by  Schikk  and  Dimi’iuch  (1053),  who  studied  an  automatic 
control  system  where  the  rudder  angle  called  for  is  proportional  to  a 
combination  of  heading  deviation  a:,-1  rate  of  change  of  heading,  and 
which  has  a  behaviour  with  a  close  resemblance  to  the  automatic 
pilots  used  in  practice.  Two  types  of  time  lag  were  investigated,  and 
it  was  shown  to  which  extent  such  lags  could  he  tolerated  in  the 
steering  of  ships  in  a  calm  sea.  Peters  (1948)  made  a  formal  investiga¬ 
tion  of  the  motion  and  stability  of  submarines,  also  using  the  virtual 
inertias  in  the  development  of  the  equations,  and  perhaps  the  main 
differences  of  the  two  schools  are  to  no  found  herein.  In  the  discussion 
of  a  paper  on  the  stability  of  a  towed  ship  by  Strandhaoen,  Schoen- 
iiekh  and  lxOBAYASHi  (1050),  Weinblum  and  Contensou  gave  an 
indication  of  the  precautions  necessary  when  applying  the  virtual 
inertias  in  the  equations.  This  question  will  he  considered  later. 

The  envelope  of  the  hydrodynamic  reactions  on  a  towed  ship, 
drifting  with  zero  angular  velocity,  is  known  as  la  courbe  derive" 
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and  the  position  of  its  “centre  initial”  or  its  point  of  reflection  on  the 
ship  centerline  being  aft  of  the  point  of  towline  attachment  is  one  of 
the  conditions  necessary  for  the  stability  of  the  towed  ship.  For  the 
self  propelled  ship,  Dikudonnk  (1049)  introduced  the  corresponding 
envelope  of  the  resulting  forces  in  turning  with  zero  drift,  the  apex  of 
which  he  showed  must  be  aft  of  the  centre  of  gravity  or  forward  of 
“le  centre  de  derive  initial”  for  stable  conditions  to  prevail. 

Within  the  last  ten  years  many  important  contributions  have  added 
to  the  knowledge  of  special  problems.  Independent  of  earlier  papers 
Horn  (1951)  derived  similar  conditions  for  the  dynamical  stability 
in  a  calm  sea,  and  he  also  investigated  the  response  to  disturbances 
and  the  relative  importance  of  some  of  the  force  derivatives  using  the 
hydrofoil  boat  as  an  illustrative  analytical  example.  Davidson  (104S) 
and  Ghim  (1951)  studied  the  loss  of  stability  experienced  by  a  ship  in 
following  seas.  For  the  study  of  steering  in  a  regular  seaway,  as  the 
first  step  to  a  still  more  general  approach,  the  ideas  of  Weinulum 
will  probably  have  a  fundamental  bearing. 

Following  the  paper  by  Wkinhu  m  and  Sr.  Denis  (1950)  on  the 
motion  of  ships  in  a  seaway  Weinulum  (1951)  applied  the  results  for 
the  transverse  force  and  yawing  moment  due  to  buoyancy  effects 
in  the  seaway  to  determine  approximate  formulae  for  the  hull  reaction 
derivatives  with  respect  to  a  small  change  of  wave  train  heading. 
Although  the  virtual  inertias  and  rotary  derivatives  were  assumed  to 
remain  largely  unaffected  by  the  waves,  and  although  a  uniform  speed 
of  advance  was  still  accepted,  the  problem  of  directional  stability  in 
waves  was  shown  to  lead  to  considerable  mathematical  difficulties. 

In  a  recently  published  paper,  Rydill  (1959)  avoided  some  of  these 
difficulties  by  a  further  approximation  of  the  expression  of  exciting 
forces  in  a  long-erested  sea  with  small  wave  amplitudes,  when  heading 
error  could  also  be  kept  small  in  automatic  steering.  From  an  analysis 
of  the  steering  in  a  regular  sea  with  a  high  frequency  of  encounter,  he 
demonstrated  the  need  for  a  suitable  control  system  with  a  low-pass 
filter  to  reduce  the  high  frequency  movement  of  the  rudder,  which  he 
proved  could  not  effectively  react  against  yawing  in  oneoming 
seas.  The  fact  that  ship  response  to  rudder  movement  is  appreciable 
at  relatively  low  frequencies  only,  severely  limits  the  value  of  forced 
oscillation  by  rudder  in  the  calm  water  of  a  short  towing  tank  as  a 
method  of  determining  stability  characteristics,  as  will  be  touched 
upon  later.  Rypili.  also  applied  his  linear  treatment  to  some  studies 
of  steering  in  an  irregular  sea. 
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Then;  is  an  extensive  literature  on  turning  and  course-keeping  due 
to  Italian,  Russian  and  .Japanese  authors,  which  is  often  less  well 
known  or  inaccessible  to  readers  in  western  countries.  Reference  to  the 
works  of  Caktaon'kto  (H)4K)  Chanoyio  (H)4X).  Basin'  (1040)  and 
Motoka  (I!l4(i.  I !».">:{)  will  make  the  list  of  titles  on  the  kinematics 
somewhat,  more  representative.  Other  papers  will  he  referred  to  below. 

Most  of  the  papers  so  far  reviewed  have  been  devoted  to  the  study 
if  the  stability  of  motion  or  to  the  calculation  of  trajectories  for  a 
transient,  or  steady  motion,  assuming  that  the  forces  on  the  hull  and 
rudder,  or  their  derivative's,  are  known.  Having  established  a  relation 
bet  wee'll  these-  force's  and  the-  re-sulting  motiem,  it  is  clear  that  it  will 
he  possible,  in  special  eases  at  least,  tei  re  verse  the  preiceelure.  r.  7.  tei 
de-due-e  the-  force's  acting  mi  the-  hull  from  a  knowledge  e>f  the  forcing 
rudder  function  and  the-  motion  observeel  for  the  ship.  Such  methods 
were  first  applie'el  to  manually  piloted  aire-rafts.  by  Norton  (I  (123), 
(Iakxek  (1(124.  I!»2(i)  and  others,  but  more*  re-ee-ntiv,  in  forms  of 
frequency  response  tests,  the-y  have  bee-ome-  powe-rfnl  toeils  in  the- 
analysis  eif  automatically  ste-ere-d  hodie's. 

\e-tually  tin*  first  the-ore-tical  study  of  automatic  feeel-lmek  e-ontrol 
systems,  by  Minorxkv  (l(t22),  was  eeince-rned  with  the  ste-e-red  ship, 
iillhough  1,  li.  St-KKHV  had  successfully  flown  a  gyrostahilizeel  flying 
boat  eight  ye-ars  earlier.  The  auto  pilot,  the  steering  engine  and  the* 
ship  with  its  rudder  all  form  eliffe-rent  components  of  a  close-el  loop 
system,  e-ach  compone-nt  e-haracte-riz.ee',  by  its  transfer  function  or  the 
eomple'.x  ratio  of  output  to  input.  'I’iie  theory  for  such  control  systems 
auei  t hoi r  stability  has  he-e-u  ele-ve-lope-el  in  e  lectric  ne-twork  engine-ering. 
and  it  is  natural  that  the-  dynamic  problem  lends  itse-lf  tei  studies  in 
analog  e-ennputers,  where  e-ae-h  cennponetit  is  representeel  by  its  eeptiva- 
lent  eh'ctric  e  ire-nit .  'I'he  stability  of  the  close-el  leiop  system  may  he 
judgeel  from  the  total  e>pe-n  loop  re-spemse  recemled  at  several  fte- 
epieneies.  without  a  knowle-dge-  of  the  melivielm-*  transfer  functions. 
If  these  individual  functions  ate  elesireel,  the-y  may  he  eleriveel  from 
freepiencv  response  tests  with  each  eompemeut  in  open  leiop,  as  in 
elieateel  in  the  previous  paragraph. 

Starting  from  a  linearized  se-t  of  simultaneous  equations  for 
the  motion  eif  a  stable  ship  and  ruelder  system,  the  differential 
eepiatiou  relating,  for  instance,  the  yaw  angle  output  to  a  harmonic 
ruelder  functiein  is  easily  found.  The  solution  of  such  an  eejuation 
is  made  up  eif  a  transient  term,  decaying  by  time  and  being  the 
natural  response  to  any  sudden  disturbance,  anel  of  a  forceel  pernia- 


371 


nent  oscillation  with  the  frequency  of  the  rudder.  After  some  time, 
only  this  second  term  remains,  and  the  transfer  function  on  lmse  of 
varying  frequencies  is  obtained  from  a  series  of  observations  of 
amplitude  ratios  and  phase  angles.  The  transfer  function  may  also 
be  found  from  an  analysis  of  the  transient  motion  following  a  certain 
rudder  movement,  in  which  ease  this  may  be  expressed  by  a  sum  of 
sinusoidal  terms  of  different  amplitude  and  frequency:  the  transient 
will  contain  terms  of  those  same  frequencies,  for  which  the  transfer 
function  is  given  by  the  amplitude  ratios  along  the  imaginary  axis. 

Milliken  (1947,  1951)  and  Boi.lov  (1951)  have  given  excellent 
reviews  of  the  work  in  this  field  of  aircraft  design,  and  the  methods 
have  been  introduced  in  ship  and  submarine  design  bv  Sciiife  (194S) 
and  Geisrerg  (1950).  There  are  also  a  number  of  classified  reports  on 
submarine  testing.  Running  frequency  response,  tests  in  a  model  basin 
with  limited  length  offers  special  problems,  as  it  may  be  neecssarv  to 
include  long  periods  corresponding  to  the  natural  oscillation  of  a  model 
of  a  submarine  with  metaeentrie  stability  or  of  a  surface  ship  in  a 
regular  sea.  in  which  a  minimum  of  rudder  motion  is  desired.  Some  of 
these  problems  have  been  investigated  by  Bekndt  (195(1).  in  whose 
treatise  are  discussed  the  relative  merits  of  harmonic  or  transient 
responses  in  submarine  and  model  testing. 

Of  special  interest  are  the  possibilities  for  such  analysis  offered  by 
the  standard  zig-zag  manoeuvring  test  for  surface  ships,  first  suggested 
by  Kkmj'F  (1955)  for  comparative  performance  evaluation  only.  In 
a  later  paper  Kkmpe  (1944)  published  the  results  of  a  large  number  of 
such  tests,  stating  common  values  for  the  normalized  period  of  a 
complete  manoeuvre,  the  meaning  of  which  is  discussed  in  terms  of 
the  time  lags  involved  in  a  report  by  GiMriurn  and  .Iacohs  ( 1 9 4 S ) . 

Xomoto.  Taguchi,  Honda  and  Hikano  (1957)  have  made  a  theore¬ 
tical  and  experimental  study  of  the  ship  response  in  different  steering 
processes  and  demonstrated  a  simplified  analysis  of  the  trapezoidal 
zig-zag  manoeuvre  by  using  transfer  functions  for  a  suggested  first- 
order  equation  of  motion.  Further  work  along  these  lines  would 
he  of  utmost  value. 

The  transfer  function,  the  magnitude  of  which  thus  may  he  derived 
from  experimental  observations,  is  built  up  of  the  stability  derivatives 
forming  the  constant  coefficients  of  the  equations  of  motion.  If  some 
of  these  derivatives  ean  be  estimated  with  acceptable  accuracy,  by 
theory  or  from  simple  model  tests,  it  may  be  possible  to  eliminate  the 
other  from  the  transfer  function. 
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As  has  already  been  pointed  out,  the  linear  theory  gives  a  linear 
formula  for  the  steady  state  angular  velocity  on  base  of  effective  rudder 
turning  moments,  which  is  valid  for  gentle  turns  at  least.  The  coeffi¬ 
cient  determining  the  slope  of  this  line  also  contains  the  stability 
derivatives,  and  if  some  of  them,  or  their  relationships,  are  known, 
the  others  may  be  determined  from  ordinary  full  scale  trials.  Further, 
if  such  trial  results  are  available  for  one  ship  and  if  the  effect  of  say 
a  modified  stern  arrangement  will  be  of  importance  to  the  rotary 
derivatives  only,  the  turning  ability  of  the  new  design  may  be  predicted 
with  some  confidence. 

A  considerable  number  of  turning  circle  test  results  for  destroyers 
and  other  naval  ships  have  been  published  by  Hovc.aard  (1912), 
Pitre  (1934,  1935)  and  Cole  (1938).  In  this  connection  Schoex- 
herr’s  analysis  (1939)  of  Hovgaards  figures  should  be  specially 
mentioned.  Also,  in  the  files  of  various  shipyards,  there  are  numerous 
steering  trial  results  for  ordinary  merchant  ships,  but  in  most  of  these 
cases  the  turning  circles  have  only  been  run  with  the  rudder  hard  over. 
Of  course,  such  results  are  not  available  for  an  analysis  using  linear 
theory,  and  it  is  hoped  that  more  information  will  In1  obtained  from 
future  trials  in  accordance  with  a  new  proposal  for  steering  and  turning 
tests,  the  latter  run  with  35°  and  20°  rudder. 

Throughout  this  review  the  need  for  theoretical  and  experimental 
research  on  the  hydrodynamic  forces  on  the  hull  has  been  strongly 
emphasized,  and  many  of  the  modern  papers  cited  also  include 
important,  contributions  in  this  respect.  It  is,  however,  noted  that  the 
basic  problem  had  for  a  long  time  been  ignored  by  most  model  ex  peri 
mentors,  although  submarine  models  had  been  subjected  to  routine 
testing  in  three-component  stationary  balances.  The  first  experiments 
to  support  the  development  of  manoeuvring  theory  and  known  to  the 
present  author  were  those  by  Castagneto  (1935). 

Similar  measurements  were  made  by  Ki  nzkl  and  Wkindu'.m  (1938) 
cm  two  models,  one  designed  with  a  bulbous  how.  Systematic  tests  to 
stud'  the  influence  of  hull  form  parameters  were  carried  out  by 
Sutherland  (1948);  see  also  below.  Other  tests  on  single  models  are 
due  co  Tiukme  (1956)  and  to  Horn  and  Waunkki  (1958),  in  both 
thcnc  cases  to  illustrate,  theoretical  investigations  on  the  motion  of 
the  ship.  Of  special  interest  arc  some  tests  with  a  semi-submerged 
prolate  spheroid  described  by  G.wvx  (1951).  The  two  last  references 
also  report  on  force  measurements  on  the  oscillated  models. 

In  order  to  simulate  the  flow  conditions  due  to  steady  path  enrva 
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ture,  cambered  models  were  frequently  used  in  airship  model  testing, 
and  the  limitations  of  this  technique  have  been  discussed  by  Gourji- 
enko  (1934).  In  their  1938  paper  Kunzel  and  Weinblum  studied  the 
stability  of  a  ship  model  in  steady  turning  by  means  of  force  measure¬ 
ments  on  a  cambered  model  towed  along  a  straight  course  with 
different  combinations  of  drift  and  rudder  angle;  further  tests  were 
made,  by  Kempf  (1945)  and  more  recently  by  Thieme  (1956)  and 
Mock  el  who  compared  the  results  with  rotating  arm  measurements  in 
an  extensive  investigation  of  hull  forces  on  a  motor  launch  in  permanent 
motions. 

Rotating  arm  facilities  are  now  found  at  many  model  basins,  but  up 
till  now  few  results  of  general  interest  have  been  reported.  However, 
some  tendencies  were  furnished  by  Davidson  and  Sen  iff  (1946)  as  a 
basis  for  the  discussion  already  referred  to.  and  Sutherland  (1948) 
published  valuable  information  from  measurements  cm  a  series  of 
captive  surface  models,  the  hull  proportions  and  deadwood  area  of 
which  were  systematically  varied.  The  models  were  also  towed  on  a 
straight  course  and  the  results  were,  given  in  charts  of  non-dimensional 
coefficients  containing  an  empirical  factor  for  hull  form  parameters 
For  use  with  linear  theory,  model  experiments  should  provide 
values  of  force  and  moment  derivatives.  As  the  relative  magnitude 
of  the  turning  radius  is  limited  by  the  free  length  of  the  rotating  arm 
and  the  length  of  the  smallest  model  consistent  with  reliable  measure¬ 
ments,  it  is  necessary  to  extrapolate  the  results  to  an  infinite  radius 
of  curvature.  Moreover,  the  derivatives  evaluated  from  static  balances 
on  towing  carriages  or  rotating  arms  arc  at  best  a  kind  of  quasi-static 
derivatives.  In  contrast  to  a  body  in  an  ideal  fluid,  the  ships  and  models 
are  known  to  experience  a  transverse  force  or  lift,  which  in  part  has 
its  origin  in  a  circulation  over  the  after  body.  The  forces  on  the  body 
will  therefore  depend  on  the  history  of  the  motion  too,  the  significant 
parameter  being  the  reduced  frequency  or  Stkouhal  number, 
demonstrated  by  Duncan  and  Collar  (1932)  in  the  ease  of  aerofoils 
in  unsteady  motion.  In  as  much  as  each  state  of  motion  may  lie 
identified  with  a  series  of  harmonic  components,  it  is  desirable  to  run 
the  models  in  a  number  of  sinusoidal  motions  of  different  frequencies. 
The  forced  oscillation  technique,  first  introduced  in  wind  tunnel 
testing  by  Simmons  (1921),  can  be  adopted  to  the  testing  of  captive 
ship  and  submarine  models.  The  hydrodynamic  reactions  due  to 
accelerated  motions,  or  the  virtual  inertias,  are  also  derived  fiom 
these  tests. 
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In  early  testing  arrangements,  the  exciting  forces  were  applied 
through  an  elastic  system;  due  to  the  high  damping  of  the  model  the 
natural  oscillations  of  that  system  soon  died  away  and  the  steady 
oscillation  of  the  model  was  then  of  the  frequency  of  the  excitation, 
lagging  behind  it  by  a  certain  amount.  For  the  reduction  of  different 
derivatives  it  was  necessary  to  record  the  amplitude  and  phase  lag 
of  the  oscillation,  and  in  some  eases  also  the  forees  applied  to  the 
elastic  system.  In  most  modern  oscillating  devices,  the  models  are 
rigidly  attached  to  the  exciting  mechanism,  whereas  the  forces  acting 
between  model  and  support  are  directly  recorded  by  means  of  sinall- 
displaeement  transducers.  In  this  way  it  is  possible  to  let  the  model 
oscillate  in  any  desired  mode  of  motion.  In  the  so  ealled  planar 
motion  mechanism,  designed  by  (1hkti.hr  and  Goodman  (195S), 
submerged  models  may  be  run  in  a  pun  pitching  or  heaving  motion 
with  respect  to  the  flow  axis;  the  damping  and  inertia  forces,  being 
out  of  phase  and  in  phase  with  the  motion  respectively,  are  auto¬ 
matically  separated  in  the  data  processing.  For  "Sehlangelschwing- 
ungen”  with  surface  ship  models  Horn  and  Wai. inski  ( 1  i * 5 S )  made  use 
of  a  similar  arrangement,  in  which  the  drift  angle  was  always  kept 
small  although  a  true  yawing  oscillation  with  respect  to  the  flow 
axis  could  not  be  obtained. 

With  the  aim  of  facilitating  a  systematic  presentation  of  experi¬ 
mental  hull  force  data  and,  ultimately,  to  devise  acceptable  methods 
for  theoretical^  predictions,  the  analogy  between  a  ship  hull  and  a 
lifting  wing  has  long  been  advocated.  Brard  (1951)  and  I  souk  (1950) 
both  formulated  expressions  for  the  transverse  hull  force  from  eon 
siderations  of  the  vortex  system  of  a  turning  hull  Sii.ek  (1949)  and 
Tin  km  k  (1954)  applied  the  results  of  small  aspect  ratio  lifting  line 
theories  with  special  emphasis  on  the  non  -linear  effects.  Feiivaevsk  y 
and  Soboi.kv  (1957)  have  introduced  the  theory  of  .Ionks  (1940)  for 
the  non-circulatory  lift  of  slender  wings,  the  use  of  which  may  be 
based  on  the  assumption  of  a  rearward  region  of  vorticity  modifying 
the  hull  form. 

For  boat-tailed  bodies  of  revolution,  the  wing  analogy  concepts  have 
so  far  rendered  no  results.  The  ideal  theoretical  distribution  of 
pressure  over  the  surface  of  an  anship  or  torpedo  is  known  to  break 
down  at  its  extreme  tail  giving  rise  to  a  resistance  to  axial  motion  and 
to  a  stabilizing  lift  at  small  angles  of  attack.  IIarrinoton  (1935) 
aiSoTtrmionstrated  the  existence  of  a  pair  of  trailing  vortices  originating 
from  the  leeward  side  of  an  elongated  spheroid.  The  flow  pattern 
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found  by  Harrington  lias  no  resemblance  with  the  flow  over  the  wing 
model  of  very  small  aspect  ratio  studied  by  (ion  bkv  ( 1  .  Pome 

is  reported  to  have  proved  the  failure  of  the  wing  theory  approach  to 
the  lift  of  bodies  of  revolution  and  to  have  laid  the  foundation  of  a 
new  theory  for  such  bodies. 

4.  The  Equations  of  Motion 

The  general  motion  of  a  ship,  on  the  surface  or  submerged  is  that 
of  a  rigid  body  subject  to  gravity  and  buoyancy  forces,  to  controlling 
forces  and  hydrodynamic  reactions  and  to  hydrodynamic  or  other 
disturbances  or  excitations. 

In  the  case  of  a  truly  floating  ship,  the  weight  of  which  is  just 
supported  by  buoyancy  due  to  hydrostatic  pressure,  gravity  exerts  a 
metaeentric  couple  only.  The  controlling  forces  are  usually 
effected  by  a  deflection  of  the  rudder  surface  or  by  a  change  of  speed 
of  the  propeller.  This  study  does  not  consider  manoeuvres  involving 
use  of  the  propeller.  The  hydrodynamic  reactions  include  the  pro¬ 
pelling  thrust  and  rudder  forces  in  steady  forward  motion:  these 
reaction  forces  depend  on  the  (changing)  form  of  the  ship  and  on  the 
motion  and  its  history. 

The  hydrodynamic  disturbance  forces  may  be  due  to  disturbance 
velocities,  such  as  current,  sea  and  wind,  or  they  may  he  caused  by 
the  interaction  of  other  ships  or  foreign  boundaries.  The  first  typo 
of  disturbance  force  depends  <>n  the  relative  motion  and  orientation 
of  the  ship,  while  the  second  type  depends  on  the  position  as  well 
H<*re  the  motion  of  the  ship  in  response  to  rudder  excitation  is 
assumed  to  be  governed  by  metaeentric  and  hydrodynamic  reactions 
only,  although  the  effect  of  external  disturbances  may  he  present  in 
the  initial  conditions.  The  rudder  deflection  itself  may  be  controlled 
bv  the  heading  error  sensed  by  the  helmsman  or  an  automatic  pilot. 

The  mass  distribution  of  the  ship  and  its  velocities  l 7  ui  T  vj  +  W'A' 

and  Q  pi  <\)  -L  rk,  referred  to  a  set  of  moving  body  axes,  define 

t lie  linear  and  angular  momentum  vectors  mV  and  II  in  that  same 
system  {(Ixt/z),  the  origin  of  which  is  taken  to  he  the  centre  of  gravity 
of  the  ship.  In  particular,  if  the  axes  arc  chosen  to  be  the  principal 

axes  of  the  body,  the  angular  momentum  is  given  by  II  IXIpi  + 

+  hv 7?  +  Kz  rk- 
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Within  o  small  interval  of  time,  the  changes  of  these  momentum 
vectors  with  respect  to  an  inertial  system  of  coordinates  fixed  in 
space  are  seen  to  be  unaffected  by  a-coustant  translational  velocity 
and  only  dependent  on  the  infinitesimal  part ial  changes  with  time 
and  angular  attitude,  so  that  the  total  rate  of  change  is  given  by 


The  dots  denote  the  time  rate  of  change  with  respect  to  body  axes. 

Resolving  the  ecpiations  of  motion  into  separate  equations  for  each 
single  component  of  the  forces  acting  gives  the  well  known  Euler 
equations  to  he  found  in  most  text  books  on  classical  mechanics. 


(4.2) 


m  (u  —  rv  +  qw)  —  X  +  X  ( d ) 
m  (i)  —  pw  +  ru)  —  Y  +  Y  (6) 

m(tv  —  qu  +  pv)  =  Z  -f-  Z  (<5) 

Izz  p  +  (Izz  —  lyv)  qr  —  K  +  K  (6)  4-  Kg 

I„4  +  -  /„)  rP  M  +  M (5)  +  M0 

r  +  (Iyy  -  l„)pq  N  +  N  Id)  +  N„ 

Here  the  terma  of  5  refer  to  a  rudder  excitation  while  Kg.  M:,  and  N„ 
are  the  components  of  the  metacentric  couple. 

In  general,  the  components  of  the  right  hand  members  will  include 
the  effects  of  added  inertias  as  well  as  damping,  restoring  and  exciting 
forces,  which  are  functions  of  the  true  motion  in  all  six  degrees  of 
freedom.  For  many  practical  purposes,  however,  it  is  possible  to 
decouple  one  or  more  of  the  equations  and  to  separate  the  component 
motions. 

In  that  which  follows,  this  paper  will  only  deal  with  the  stability  and 
performance  of  a  surface  ship  controlled  in  a  permanent  motion  along 
a  preset  heading  on  the  compass,  or  run  on  a  straight  course  or  ir.  a 
steady  turn  with  fixed  rudder.  Before  proceeding  to  a  further  simpli¬ 
fication  of  the  equations,  however,  it  is  necessary  to  agree  upon  a 
suitable  representation  of  hull  reactions  and  controlling  forces. 


5.  The  Representation  of  Hull  Forces 

In  the  study  of  directional  (controlled)  stability  on  course,  or  the 
inherent  stability  in  straight  or  curved  motions,  interest  centres 
around  the  small  deviations,  or  oscillations,  of  the  body  axes  with 
respect  to  their  mean  positions.  It  may  then  be  seen  that,  to  a  first 
order  of  magnitude,  the  hydrodynamic  reaction  along  the  longitudinal 
axis  and  the  forward  speed  will  both  he  unaffected,  and  consequently 
the  equation  of  freedom  in  surge  will  be  decoupled.  (It  is  generally 
accepted  that  a  turning  ship  takes  up  a  steady  state  motion  within 
the  second  quadrant  of  the  turn,  which  is  certainly  true  for  a  high 
powered  and  highly  stable  ship  like  a  destroyer,  but  which  is  far  from 
the  case  for  a  heavy  tanker  with  a  moderate  dynamic  stability.)  In 
the  light  of  practical  experience,  the  coupling  between  motions  in  the 
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Fig.  ‘A.  Influence  of  speed  on  turning  performance.  Curves  for  British  I  class  destroyer, 
compiled  from  data  published  by  Oolk  HKJS 

different  planes  may  also  he  ignored.  Thus,  rolling  oscillations  are 
assumed  to  be  small  in  the  permanent  motions  studied,  whereas  the 
mean  list  of  the  turning  ship  may  define  a  new  geometry  of  its  hull. 

For  a  surfaee  ship  running  at  Froude  numbers  exceeding  F n , 

=  uj\gL  —  0.:5,  say  a  destroyer  at  a  speed  of  more  than  20  knots, 
wave  formation  is  generally  found  to  eause  a  change  of  trim  and  stain 
lity  characteristics,  and  it  is  necessary  to  investigate  the  motion  at 
each  different  speed.  For  lower  Froude  numbers,  the  motion  will  be 
assumed  not  to  depend  on  actual  speed,  although  such  a  dependence 
has  been  anticipated  by  St.  Denis  from  trials  with  a  naval  auxiliary 
with  zero  rudder.  (See  discussion  of  104fi  paper  by  Davidson  and 
Schiff).  When  dealing  with  the  trajectories  and  stability  of  curved 
motion,  cross  flow  parameters  may  have  some  hearing  in  this  respect, 
and  on  base  of  tests  with  yawed  models  Thiemk  (ItloG)  suggests  the 
use  of  a  draught  Froude  number  so  that  F nL  <  0.7  |  L  11  however, 
that  figure  will  probably  vary  with  the  type  of  the  ship.  For  the 
destroyer  type  the  dominating  phenomenon  seems  to  he  the  marked 
trim  and  sinkage  in  the  wave  hollow  at  higher  speed-length  ratios,  and 
the  reader  may  hr  familiar  with  the  sight  of  water  piling  up  against 
the  outer  quarter  in  a  turn.  Fig.  3  shows  the  effect  of  speed  on  the 
turning  radius  of  alt  I -class  destroyer  as  reported  by  Cole  (1938). 
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Without  entering  into  the  details  of  hull  force  calculation,  it  may 
be  desirable  to  facilitate  the  discussion  by  use  of  tbc  results  of  the 
systematic  model  tests  due  to  Stthereaxi)  (1948).  The  curves  in 
Fig.  4  are  deduced  for  a  hull  with  the  proportions  of  a  destroyer, 
showing  the  static  lateral  force  and  yawing  moment  coefficients  on  a 
base  of  drift  angle  in  straight  towing  and  relative  path  curvature  in 
rotating  arm  tests  with  zero  drifting  velocity.'  (Note  that  the  angle 
of  drift  and  the  relative  path  curvature  express  the  small  transverse 
and  angular  velocities  in  a  non-dimensional  form;  cj.  Section  7).  In 
all  cases  there  is  a  pronounced  nonlinearity,  mainly  caused  by  the 
increasing  effect  of  viscous  cross-flow  resistance  at  the  higher  local 
drift  angles.  As  a  matter  of  fact,  most  other  tests  do  show  a  somewhat 
wider  range  of  linear  dependence. 

For  small  deviations  from  the  steady  state  motion  of  a  dynamical 
system  it  is  generally  assumed  that  the  restoring  and  damping  forces 
and  moments  can  he  represented  by  means  of  partial  "stability" 
derivatives  with  respect  to  the  changes  of  positions  and  velocities  of 
the  system  components.  To  some  extent  it  is  also  possible  to  express 
the  equality  of  forces  in  a  new  steady  state  by  these  derivatives. 

As  has  already  been  stated,  the  hydrodynamic  forces  acting  on  a 
body  in  a  real  fluid  will  be  functions  of  the  complete  motion,  i.i. 
they  will  depend  not  only  on  the  velocities  but  also  on  their  rates  of 
change  with  time  and  also  their  time  integrals.  In  the  equations  of  mo¬ 
tion  the  acceleration  derivatives  may  always  he  associated  with  t  he  iner 
tins  of  the  body  to  form  the  virtual  inertias;  they  are  more  or  less  free 
from  any  effects  of  viscosity,  and  may  he  calculated  as  for  the  ideal 
case.  In  the  presence  of  a  free  surface,  the  hydrodynamic  inertias  will 
depend  on  the  boundary  conditions  and  therefore  on  the  nature  of 
the  motion.  It  will  here  be  assumed  that  the  vertical  velocities  of  the 
surface  will  be  small  so  that  gravity  forces  may  he  neglected  when 
compared  to  the  inertia  forces.  In  that  ease,  the  free  surface  boundary 
conditions  remain  the  same  for  all  types  of  horizontal  motion.  \ 
similar  assumption  has  already  been  introduced  for  the  damping  forces 
in  the  non-wavemaking  range  of  forward  speed.  The  damping  forces, 
however,  arc  directly  or  indirectly  due  to  viscosity,  and  the  vortices 
momentarily  left  behind  the  ship  still  influence  the  flow  around  it; 
strictly,  then,  there  can  he  no  constant  derivatives  m  a  non  stationary 
motion. 

For  the  underwater  portion  of  a  naked  hull,  the  “deeply  submerged'' 
values  of  the  coefficients  of  accession  to  inertia  (k  A\.)  may  he 


380 


a)  Lateral  force  coefficient  in  oblique  b)  Yawing  moment  coefficient  in  oblique 
towing.  towing. 


c)  Lateral  force  coefficient  in  circling  cl)  Yawing  moment  coefficient  in  circling 
with  zero  drift.  with  zero  drift. 


Fig.  4.  Static  lateral  force  and  yawing  moment  coefficients.  Influence  of  skeg  on 
naked  hull.  Example  calculated  for  destroyer  form  {LjB—  10,  B{H  =  3)  from  model 
test  data  published  by  Sutherland  1948. 
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Fig.  5.  Coefficients  of  accession  to  inertia  corrected  for  free  surface  effect  neglecting 

gravity 


approximated  by  Lamb’s  (1918)  values  for  the  equivalent  ellipsoid 
of  the  mirrored  body.  It  is  readily  seen  that  the  presence  of  a  free 
surface  will  lower  these  values.  For  the  problems  considered  it  appears 
appropriate  to  use  the  reduction  factor  found  by  Lockwood  Tayi.or 
(1930)  for  an  elliptical  cylinder  floating  half  submerged.  Then  approxi¬ 
mately,  with  accepted  superscript, 


k'l  =0.4  AO 
0.4  k  j 


(5.1) 


Curves  of  and  k°zz  are  shown  in  Fig.  5.  The  equivalent  ellipsoid 
has  been  defined  as  that  one  which  has  the  length  and  lateral  area  of 
the  mirrored  under-water  hull.  To  find  the  hydrodynamic  mass  and 
moment  of  inertia,  the  two  coefficients  must  be  multiplied  by  the  mass 
and  moment  of  inertia  of  the  displaced  water  respectively. 

Onee  more  using  Sutherlands  data,  the  influence  of  hull  propor¬ 
tions  on  the  stationary  force  and  moment  derivatives  has  been  eal 
eulated  and  presented  in  the  form  of  earpet  diagrams  in  Fig.  (5.  Of 
course  the  linear  approach  is  no  longer  justified  whenever  the  squares 
and  produets  of  the  deviation  velocities  may  not  be  ignored.  Some 
further  consideration  of  this  question  will  be  given  in  Section  10.  It 
has  been  noted  that  the  damping  derivatives  are  functions  of  the 
velocities  and  their  history.  In  a  transient  motion  with  no  violence, 


382 


a)  Lateral  force  stiffnoss  derivative 


b)  Yawing  moment  stiffnoss  doriv»tivo 


3Y'  3Nf 


Fig.  6.  Static  lateral  force  and  yawing  moment  derivatives  of  naked  hulls.  Influence 
of  hull  proportions.  Calculated  from  model  tost  data  published  by  Sutherland  1948. 


Kitf.  7.  Naked  hull  lateral  force  derivative  Y ^  on  a  base  of  lateral  area  aspect  ratio 
.1  2  HJh.  Calculated  from  model  test  data  published  by  Si*tiikiii.ani>  11)4 s. 


the  history  of  that  motion  is  soon  forgotten,  and  it  is  then  appropriate 
to  make  use  of  the  derivatives  measured  or  calculated  for  stationary 
conditions.  When  so  used,  these  derivatives  may  be  called  quasi 
static  derivatives. 

Moving  obliquely  in  an  ideal  fluid  the  boat-tailed  hull  would  ex 
perimiee  no  transverse  force  or  “lift"  but  only  a  free  broaching 
moment.  (Mi  nk,  1!)24).  From  model  tests  with  torpedo  shaped 
bodies  as  well  as  with  ship  hulls,  this  static  moment  is  known  to  be 
reduced  by  20  to  35  per  cent  due  to  the  stabilizing  effect  of  the  rearward 
viscous  lift.  In  the  ease  of  normal  hull  forms  with  not  too  gentle 
bilges,  where  cross-flow  stream  pattern  development  is  more  or  less 
spontaneous  the  transverse  lateral  force  may  be  predicted  by  use 
of  low'  aspect  ratio  wing  analogy.  For  small  angles  of  drift  that  is 
small  drifting  veloc'ties,  this  force  is  then  presumed  to  he  mainly  non 
circulatory  in  nature,  although  the  viscous  separation  on  the  after 
body  is  its  primary  origin,  causing  a  finite  width  of  the  trailing  edge. 
In  Fig.  7  the  lateral  force  derivatives  for  each  L  B  is  represented  by 
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an  almost  straight  line  to  the  base  of  2  H/L,  confirming  results 
analogous  to  the  additional  mass  theory  by  R.  T.  Jones  (1946),  by 
which  the  lift  of  a  slender  wing  is  proportional  to  aspect  ratio  and 
angle  of  attack. 

Of  course  the  existing  theory  of  lift  for  low-aspeet  ratio  wings  in 
unsteady  motion,  corresponding  to  the  Munk-Jones  theory  of  steady 
flight,  does  not  include  any  dependence  of  wake  figuration.  As  noted, 
however,  the  hull-wing  analogy  assumes  a  viscous  wake,  and  in  the 
important  eases  of  harmonic  motions  with  frequency  v  the  derivatives 
will  depend  on  the  values  of  the  non-dimensional  frequency  parameter, 

L 

or  reduced  frequency,  k  —  71  jy  v,  just  as  has  been  shown  for  aerofoils 

in  pitching  and  normal  t  ranslations.  (The  notation  k  has  been  adopted 
by  most  authors  on  the  aerodynamics  of  non-stationary  motion.  In 

L 

this  report  it  is  used  parallel  with  the  alternative  form  o'  -  -  o  — 

/, 

i  n  —  v  -  2  k,  more  common  in  the  study  of  the  motion  of  rigid 

bodies.)  For  sufficiently  slow  oscillations  these  “exponential  deriva¬ 
tives”  are  practically  equal  to  the  quasistatie  ones,  and  the  relative 
waviness  of  the  wake  behind  the  ship  may  be  taken  as  a  measure  of 
the  departure  from  quasi  statie  conditions. 

Szebehely  and  Niederer  (1953)  studied  a  prolate  spheroid  of 
fineness  ratio  7  in  free  oscillations  at  various  values  of  reduced  fre¬ 
quencies  in  the  range  1.2  <  k  <  some  of  the  results  are  given  in 
Fig.  8.  The  moment  derivatives  with  respect  to  angular  and  transverse 
velocities  are  both  found  to  decrease  with  increasing  k,  the  decrease 
from  static  values  being  5  per  cent  at  k  equal  to  0.7 — 1.0  approxima¬ 
tely.  Some  tests  on  ship  models  by  Horn  and  Walinski  (1959) 
indicate  a  more  significant  departure  of  foree  and  moment  derivatives 
from  static  values  at  frequencies  between  0.6  and  1.2,  but  as  variation 
of  frequency  parameters  was  not  originally  intended,  these  tests  are 
less  conclusive  with  regard  to  actual  frequency  dependence. 

It  is  well  known  that  a  good  helmsman  does  not  try  to  check  the 
yawing  oscillations  of  his  ship  in  a  short  oneoming  sea;  as  will  be  seen 
in  Section  9  the  ship  response  to  that  rapid  rudder  motion  would  then 
be  very  small.  Similary,  if  a  normal  seagoing  ship  is  forced  to  yaw 
with  the  frequency  of  its  rudder  continually  moved  10°  to  either 
side,  i.  r.  with  a  reduced  frequency  for  the  hulF  of  the  order  of  k  5 
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Fig.  8.  Unsteady  effects  on  moment  stiffnese.  and  ;«>tary  derivatives  of  a  prolate 
spheriod  of  fineness  ratio  7.  Jiecaleulatod  from  model  tost  data  published  by  Szkbk- 
hkly  and  Xiedehek  11)53. 


or  to'  =  10,  it  will  perform  only  moderate  oscillations,  which  are  of 
little  value  for  further  analysis.  On  the  other  hand,  for  a  ship  in  a 
standard  zig-zag  (Kbmpf)  manoeuvre  involving  time  lags  the  norma 
lized  period  of  the  almost  sinusoidal  oscillation  is  known  to  be  of  the 
TV 

order  of  —  =  8,  corresponding  to  k  «  0.4,  and  the  use  of  quasistatic 

JJ 

derivatives  in  the  calculations  is  not  likely  to  introduce  any  serious 
errors.  Moreover,  if  such  a  manoeuvre  is  made  the  subject  of  frequency 
response  analysis,  the  ‘'transfer  functions”  are  inherently  dependent 
on  the  frequency.  Nevertheless  there  is  need  for  further  oscillator  tests 
with  captive  models  in  the  low  as  well  as  in  the  high  frequency  region. 
Attention  must  also  he  paid  to  the  effect  of  boundary  layer  develop¬ 
ment  in  unsteady  motions. 
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<>.  The  Forcing  Rudder  Function 

The  rudder  serves  the  two-fold  function  of  stabilizing  a  straight 
motion  by  fin  effect  and  controlling  the  ship  in  steering  and  ma¬ 
noeuvring.  The  forces  acting  on  the  rudder  in  its  zero  position  will  be 
included  in  the  hull  forces  and  the  forci?ig  rudder  function  will  be 
due  entirely  to  the  deflection  of  the  movable  part  of  the  rudder. 
Owing  to  the  mutual  interaction  between  hull  and  rudder,  parts  of  the 
controlling  forces  are  carried  by  the  hull  itself.  Propeller  influence  is 
manifested  by  the  higher  velocity  of  the  flow  around  a  rudder  in  behind 
position  and  by  the  fin  effect  of  the  propeller  in  a  non-axial  stream. 
(Of.  Section  10.) 

There  is  a  vast  literature  on  the  theory  and  practice  of  rudder 
design,  a  review  of  which  is  beyond  the  scope  of  this  paper.  A 
few'  notes  pertaining  to  rudder  motion  are,  however,  given 
here. 

For  the  rudder,  or  for  an  aerofoil  in  general,  the  lift  may  be  cal 
eulated  from  a  knowledge  of  the  quasi-steady  distribution  of  vorticity 
over  the  surface,  of  the  momentary  “starting”  vortices  newly  shed  into 
the  wake  and  of  the  changes  of  momentum  due  to  the  additional 
hydrodynamic  mass.  The  effect  of  a  varying  angle  of  attack  become* 
apparent  already  at  the  quite  slow  motions  of  conventional  rudders. 
In  the  initial  stage  there  will  be  a  small  lift  chiefly  due  to  additional 
mass,  whereas  the  development  of  lift  due  to  circulation  will  lag 
behind  the  motion.  It  is  clear  that  not  only  the  rudder  stock  moment 
but  also  the  lift  force  will  depend  on  the  position  of  the  stock.  In 
Fig.  9  is  show'n  the  result  of  calculations  made  by  Okada  (195K)  for 
the  lift  of  a  two-dimensional  wing  or  freerunning  rudder  with  30  per 
cent  area  balance,  defieeted  to  35°  at  a  normal  rate;  no  account  was 
taken  of  the  stalling  of  the  wing.  When  tested  in  a  high  speed  wind 
tunnel  the  smooth  aerofoil  may  attain  a  maximum  section  lift  coeffi¬ 
cient  of  say  1.4,  but  for  a  ship’s  rudder  the  maximum  lift  coefficient 
in  stationary  deflection  usually  does  not  exceed  1.0,  due  to  the 
increased  loss  of  boundary  layer  energy  behind  surface  roughnesses. 
When  the  rudder  is  rapidly  moved  beyond  the  angle  of  stationary 
stall,  a  somewhat  higher  lift  may  be  momentarily  built  up,  hut  this 
will  be  of  no  importance  in  the  steering  process. 

If  the  rudder  is  oscillating  with  constant  frequency  of  sufficient 
magnitude,  the  stationary  value  of  lift  amplitude  is  not  realised  but 
the  lift  will  be  a  function  of  the  frequency  parameter,  as  already 
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0°  5°  10°  1 5°  20°  25° 

Rudder  deflection 

Fig.  9.  Effect  of  rudder  motion  on  two-dimensional  section  lift  coefficient.  Figure 

due  to  Okada  1958. 

stated.  In  practice,  this  may  be  the  case  for  a  ship-rudder  system 
with  automatic  compass  control  steering. 

The  sinusoidal  motion  d  =  dae’w,t  of  an  aerofoil  (a  rudder)  about 
an  axis  at  distance  a  from  the  leading  edge  may  be  separated  into  a 
transverse  velocity  equal  to 

U,  K  +  j(j-  a)  <V'h]  e>“'1  (6.1) 

all  over  the  chord  and  a  rotation  about  the  mid-ehord  point,  giving 
rise  to  a  transverse  velocity 

Ql  x  =  Qla  x  e’w,t  =  j  o),  6a  x  e’"'1  (6.2) 
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at  distance  x  aft  of  that  point.  The  lift  of  an  aerofoil  element  of  unit 
span,  expressed  by  von  KArman  and  Sears  (1938)  for  the  two  pure 
oscillations  considered,  may  be  written 


L  (w)  -  [L  (-}]„  > 


■'  =  nr  r.  w  a  U-.\  4-  —  n  c-  ?/-„]  ey"‘*  (6.3) 

L  v  1  . 4  '  "J 

L(Q,)=  [L(A)]ae^-'=  [  t/^C  (Aq)l  e?*'  (6.4) 


The  second  term  inside  the  bracket  of  equation  (6.3)  is  due  to  the 
apparent  mass  effect,  which  will  of  course  have  no  bearing  on  the 
ideal  lift  of  the  purely  rotating  wing.  C  (A,)  is  a  complex  function 

C  Olj 

of  the  redueed  frequency  of  the  aerofoil,  A,  =  — yr ,  known  as  the 

Theouorsen  function,  and  is  reproduced  in  Fig.  10.  Realising  that 
.t  q  c  [7,  u\  is  the  stationary  lift  of  an  element  of  the  rudder,  deflected 

«’a 

to  and  combining  equations  (6.1)  (6.4),  it  is  convenient  to 

'  i 

write  for  the  controlling  force  of  an  oscillating  rudder 

Y  (6)  =  0  (kj  Y  (6a)  eilkt  (6.5) 


where 


0(A1)  =  C(A1)  +  ,'^ 


C’(A,) 


1 


+  j 


(6.6) 


/  = 


cjL 

UJU 


(6.7) 


The  function  0  (Aq)  (for  o/c  =  0.25)  is  also  shown  in  the  diagram 
of  Fig.  10.  The  real  component  of  the  position  vector,  from  the  origin 
to  a  point  on  the  curve  corresponding  to  the  frequency  indicated, 
expresses  the  ratio  of  lift  amplitude  to  steady  state  value,  whereas 
the  argument  of  the  vector  is  the  phase  angle  by  which  the  force 
leads  the  motion.  At  frequencies  likely  to  occur  in  the  normal  steering 
operation,  the  force  will  lag  slightly  behind  the  rudder  deflection. 

Another  constant  lag  in  every  steering  process;  manual  or  automatic, 
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oscillating  aerofoil.  Y{d,  kl)  =  <I>(kl)  Y(i 5„)  /= -  .  Tho  real  componont  of 

ffj/ U 

the  locus  vector  equals  the  ratio  cf  the  oscillating  lift  amplitude  to  its  stoady  state 
value.  A  positive  argument  of  tho  vector  is  the  phase  angle  by  which  tho  force  loads 

the  motion. 


will  be  due  to  the  finite  time  necessary  to  eonvert  the  error  signal 
detected  into  an  output  signal  to  the  steering  engine;  both  these 
components  of  a  constant  time  lag  will  be  small  compared  to  the 
delays  introduced  by  the  finite  rate  of  the  steering  gear,  howevei. 

Most  modern  steering  engines  are  designed  to  move  the  rudder  with 
an  essentially  constant  speed,  the  rudder  turning  at  that  speed  as 
long  as  a  control  signal  is  transmitted  to  the  steering  engine.  A  gyro 
pilot  may  be  used  to  switch  on  this  signal,  ealling  for  a  eorreeting 
rudder  at  a  certain  small  deviation  from  the  desired  heading,  whereas 
a  contaet  on  the  rudder  may  stop  the  motion  at  a  suitable  angle;  the 
rudder  remains  in  this  position  until  the  ship  has  swrung  over  to  the 
other  side  of  its  eourse  and  the  rudder  is  then  reversed.  (The  zig-zag 
test  proposed  by  Kempf  makes  use  of  a  similar  scheme  with  larpar 
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amplitudes).  Controls  like  this  simple  on-off  type  will  often  be  found 
on  torpedoes  and  amateur  model  yachts,  where  the  rapid  oscillations 
of  hull  and  rudder  are  less  harmful.  More  often  a  follow-np  mechanism 
assures  a  “proportional  control”  of  the  rudder.  Due  to  the  finite 
rudder  speed,  these  systems  may  he  self-exciting,  however,  and 
excessive  heading  oscillations  may  be  built  up. 

In  order  to  overcome  these  diffieultics  the  automatic  pilot  must  be 
made  to  anticipate  the  motion  of  the  ship,  much  in  the  way  an  experi¬ 
enced  helmsman  gives  an  auxiliary  rudder.  In  practice  this  is  accom¬ 
plished  by  means' of  a  feed  back  of  rudder  motion  to  the  heading  error 
detector,  as  in  many  commercial  applications,  sometimes  also  by 
adding  some  kind  of  rate  of  change  of  heading  control,  similar  to  the 
pitch  rate  component  of. submarine  depth  control  systems.  In  effect, 
both  these  methods  correspond  to  a  “proportional  plus  rate  control”; 
the  first  one  often  incorporates  a  non-linear  character,  as  will  he 
denoted  in  Section  11. 

The  ship  response  to  the  trapezoidal  periodic  steering  in  a  calm 
sea  is  an  almost  harmonic  oscillation  in  yaw  and  sway,  hi  as  much 
that  the  inertia  of  the  ship  filters  out  the  effects  of  the  high  frequency 
components  of  the  rudder  motion.  'Flic  qualitative  discussion  of  the 
behaviour  of  automatically  steered  ships  is  notably  facilitated  if  the 
motion  of  the  rudder  is  also  represented  by  a  continous  analytical 
function. 

As  has  been  demonstrated  by  Scuikk  and  OiMl’KlCll  (1949)  and  as 
will  be  seen  in  the  next  section,  there  are  some  advantages  in  expressing 
the  rudder  lag  in  terms  of  a  differential  equation.  Let  it  be  accepted 
that  the  rate  of  turning  the  rudder  is  gradually  diminished  to  make 
the  rudder  eome  neatly  into  the  new  position,  in  such  a  way  that  the 
speed  is  roughly  proportional  to  the  deflection  remaining,  i.  r.  to 
the  difference  between  the  instantaneous  position  of  the  rudder  and 

1 

the  position  called  for,  6*;  then  6  ^  (6*  —  <^),  or 

6  +  16  6*  (ti.S) 

In  normal  steering  in  a  calm  sea  the  rudder  is  flipping”  with 
amplitude  (5*  on  either  side  of  a  mean  position,  and  its  initial  rate 
may  be  taken  to  be  equal  to  the  mean  rate  recorded  at  a  hard-to  hard 
manoeuvre,  d0,  of  the  order  of  2.5°  per  second.  The  time  lag  coefficient 
2  6* 

i - r—  is  seen  to  vary  with  the  amplitude  and  may  be  determined 

6o 
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Iiy  an  iterative  process  if  necessary.  In  good  weather  b*  is  say  2.5° 
only,  and  then  l  x  2  seconds.  When  using  the  normalized  equations  of 
motion  derived  in  the  next  section  the  appropriate  time  lag  coefficient 

U 

will  also  he  non-dimensional,  being  l'  -- i ,  with  a  magnitude  of 

the  order  of  0.1  for  a  modern  seagoing  ship. 

The  differential  equation  of  the  rudder  control  considered  now 
becomes 

S'  -j-  i‘  h'  —  y' i/1'  +  o'  »/>'  (0.0) 

where  the  heading  error  is  set  equal  to  the  angle  of  yaw,  i.  e.  the 
angle  measured  from  a  fixed  direction  on  the  compass  (the  x0  axis  of 
the  space  system)  to  the  direction  headed  by  the  ship.  If  the  ship  is 
to  starboard  of  me  course  (positive  y)  this  will  eal!  for  a  port  rudder 
(positive  b*  in  the  sense  of  a  positive  rotation  about  the  :-axis.) 


7.  The  Simplified  Equations 

The  general  equations  of  motion  have  been  formulated  in  Section 
4  and  the  validity  of  a  series  of  simplifying  assumptions  in  the  treat¬ 
ment  of  surface  ship  steering  has  been  discussed  in  Sections  5  and  G. 
The  main  assumptions  are  once  more  listed  here: 

The  weight  of  the  ship  is  supported  by  buoyancy  and  the  ship  has 
adequate  transverse  stability.  The  rolling  motion  is  negligibly  small. 
A  constant  heel  may  be  considered  as  defining  a  new  hull  form. 

The  wave-making  and  its  effects  are  moderate  and  the  trim  of  the 
ship  and  the  form  of  its  underwater  hull  are  not  sensitive  to  small 
changes  of  speed. 

The  ship  operates  in  calm  deep  water  far  from,  other  ships  or  foreign 
boundaries. 

The  motion  of  the  ship  may  be  regarded  as  taking  plaee  in  the 
horizontal  plane  only.  The  forward  speed  is  largely  unaffected  by 
the  yaw  and  sway  of  the  ship  and  these  motions  are  unaffected  by 
small  ehanges  of  that  speed.  The  equation  for  surge  may  therefore 
be  decoupled. 

The  ship  is  steered  by  one  or  more  stern  rudders  along  a  preset 
heading  or  left  to  move  on  a  straight  course  or  in  a  permanent  circle 
with  fixed  rudder.  The  manoeuvres  studied  involve  only  small  ehanges 
of  the  motion,  thus  justifying  a  linear  approach. 
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The  forces  on  hull  and  rudder  may  be  separated  into  hull  reactions 
and  active  rudder  forces. 

The  hull  reactions,  experienced  by  the  hull  and  rudder  in  zero 
position,  depend  on  the  instantaneous  motion  of  the  ship,  described 
by  its  velocities  and  accelerations  in  the  horizontal  plane  and  by  the 
frequency  of  that  motion;  if  the  motion  is  not  periodic,  the  changes 
are  supposed  to  take  place  so  slowly  that  the  forces  may  be  independent 
of  the  history  of  these  changes. 

The  hull  reactions  are  expressed  by  means  of  velocity  and  accelera¬ 
tion  derivatives. 

In  steady  oscillation,  the  values  of  the  velocity  derivatives  may 
depart  from  the  quasi-steadv  values  measured  in  oblique  towing  or 
rotating  arm  tests. 

Some  of  the  acceleration  derivatives  may  be  calculated  by  use 
of  the  coefficients  of  accession  to  inertia  of  ellipsoids  half  submerged 
in  an  ideal  fluid,  neglecting  gravity  effects,  but  there  is  also  a  lateral 
force  due  to  yawing  acceleration  and  a  yawing  moment  due  to  the 
acceleration  in  sway. 

The  active  rudder  forces,  carried  by  the  rudder  and  its  hull  image, 
depend  on  the  deflection  of  the  rudder  relative  to  the  ship.  If  the 
rudder  is  oscillating,  the  forcing  rudder  function  may  also  depend  on 
the  frequency  of  that  oscillation. 

The  deflection  of  the  rudder  may  be  constant  or  it  may  be  con¬ 
trolled  by  the  motion  of  the  ship.  When  the  deflection  is  moderate, 
the  rudder  forces  will  he  proportional  to  the  deflection;  in  of,.ier  cases 
the  rudder  force  itself  may  be  introduced  as  a  variable  in  the  equations. 

When  automatic  steering  is  considered,  the  controlling  force  will 
be  approximated  by  a  continous  function  of  the  yawing  of  the  ship, 
the  rudder  position  being  proportional  to  a  combination  of  compass 
heading  error  and  rate  of  change  of  heading  as  sensed  a  few  seconds  ear¬ 
lier.  The  time  lag  will  be  due  chiefly  to  finite  rudder  speed,  and  it  is  as¬ 
sumed  that  it  may  be  expressed  by  what  is  known  as  an  exponential  lag. 

With  the  approximations  accepted  and  with  signs  and  symbols  as 
given  is  Section  2,  the  equations  governing  the  motion  of  the  ship  and 
rudder  will  simply  read 


(to  -  Y  ■)  v  -  Yvv  —  Y.r-(Yr-  mu0)  r  =  Ytb 
Ni  v  +  Nv  v  —  (/„  —  N. )  r  +  Nr  r  =  /.  L  Y d  6 
<3  +  1  6  =  yy  +  oy 


(7.1) 
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Here  7,)  is  the  total  lateral  force,  on  hull  and  rudder,  due  to  the 
deflection  of  the  rudder  from  its  zero  position,  and  /.  L  is  the  distance 
between  the  point  of  application  of  this  foree  and  the  centre  of  gravity 
of  the  ship. 

Two  of  the  coefficients  of  the  linear  and  angular  accelerations  of 
equations  (7.1)  are  seen  to  be  virtual  inertias,  made  up  of  the  mass 
elements  of  the  ship  and  the  water  entrained  in  the  motion,  whereas 
the  others,  Y  ■  and  A7 . ,  are  hydrodynamic  derivatives  experienced  in 
real  fluids  only  and  usually  rather  small.  It  is  also  noted  that  the  mass, 
appearing  in  the  term  associated  with  tiie  derivative  }_r,  docs  not 
include  any  added  inertia,  a  fact  which  may  be  worth  some  attention. 

Fig.  2  shows  a  ship  moving  in  the  horizontal  plane,  this  motion 

being  represented  by  the  velocity  vector  U ,  the  velocity  of  vaw,  r,  and 
the  momentary  heading  y,  being  the  angle  from  some  fixed  datum 
direction  to  the  longitudinal  axis  of  the  ship.  In  the  next  instant, 

the  small  ehanges  dU  and  dy  will  appear,  associated  with  a  change  of 
the  transverse  momentum  with  respect  to  spaee  axes,  and  within  the 
short  interval  considered,  the  virtual  mass  momentum  along  the 
transverse  axis  of  the  ship  is  to  a  first  order  increased  by  my  dv  -f- 
-j-  mv0  dy.  Note  that  the  hydrodynamic  mass  mz  —  m  does  not  enter 
this  expression.  Now,  if  the  time  rate  of  ehange  of  this  momentum 
is  equated  to  a.  transverse  foree  component  Y  —  }7„  v  -j-  F,  r  +  F5  d 
the  ^-equation  "’ill  be 

mv  v  —  Yt  v  —  (  Y,  -  ynu„)  r  =  Ys  i'i  (7.2) 

in  agreement  with  the  corresponding  equation  in  (7.1),  except  for  the 
acceleration  derivative  Y-  now  neglected. 

When  the  motion  of  the  ship  is  expressed  by  its  translatory  and 
rotatory  velocities,  the  partial  derivatives  of  the  forces  and  moments 
with  respect  to  these  velocities  may  all  be  considered  as  damping 
derivatives,  or  they  may  be  termed  resistance  derivatives  as  in  the 
original  literature  of  aircraft  stability.  However,  the  equations  will 
now  be  modified  to  forms  in  which  they  will  be  more  suitable  for 
nautical  applications. 

Assuming  a  constant  forward  speed  ua  x  U,  it  is  convenient  to 
replaee  the  ehange  of  drifting  velocity  b}'  a  corresponding  ehange  of 
angle  of  drift  or  sideslip,  defined  by  v  —  U  ft,  thereby  also  intro- 
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dueing  the  angular  displacement  or  stiffness  derivatives  anticipated 
in  Section  5. 

The  angular  velocity  r  of  the  ship  relative  to  the  3-axis  through  its 
centre  of  gravity  is  by  definition  equal  to  the  rate  of  change  of  heading 
or  "heading  error  as  soon  as  this  «.xis  is  parallel  to  the  vertical,  which 
has  here  been  postulated;  thus  r  —  xfi  and  t  —  yj . 

As  was  seen  the  hull  and  rudder  will  usually  be  subject  to  hydro¬ 
dynamic  reactions,  which  are  non-linear  functions  of  the  drift  angle 
and  path  curvature.  When  treating  the  dynamical  stability  of  a  ship 
in  a  turn,  where  the  mean  values  of  /?  and  r  are  not  small,  the  deriva¬ 
tives  must  correspond  to  the  slopes  of  these  functions  at  the  points 
of  circling  equilibrium.  (In  those  eases  the  linear  approach  is  of  course 
not  adequate  for  estimating  the  radius  of  the  turning  circle  as  a  func¬ 
tion  of  the  rudder  angle,  which  will  be  further  discussed  in  Section  10.) 
The  change  of  the  total  rudder  force  due  to  the  disturbances  of  that 
equilibrium  is  assumed  to  be  approximately  equal  to  the  change  of  that 
same  force  in  the  case  of  an  undeflected  rudder,  which  change  is 
included  in  the  hull  force  differential. 

The  drift  angle  and  rate  of  change  of  heading  may  be  determined 
from  careful  plots  of  compass  readings  and  double  bearings  to  fixed 
objects,  or  by  use  of  modern  radio-navigating  aids  if  available.  The 
hydrodynamic  derivatives  will  be  kept  in  the  form  most  consistent 
with  captive  model  test  procedures. 

The  equations  of  set  (7.1)  then  become 


(m  —  Y .)  U  ji  -f  Yj  (i  +  )' ■  y>  +  (Y,  —  m  V)  y>  =  —  Ys  d 
n,  u  (i  -  n,  [i  +  (/„  -  Ar)  v;  -  -V,  v  -  a  y3  * 

<5  -f  id  =  7  V1  +  0  V’ 


(7.3) 


In  order  to  make  the  equations  more  suitable  for  a  qualitative 
discussion,  they  will  now  be  normalized  by  the  use  of  non-dimensional 
coefficients,  denoted  by  a  prime.  Following  Glauert  (1027).  unit 

0 

mass  will  be  written  /i  ■  -  SL.  where  //  is  the  relative  density,  being 

n 

fi  =  1  for  the  displacement  surface  ship;  thus  the  mass  is  m  m  ~  SL. 

with  the  characteristic  length  equal  to  the  WL  length  of  the  hull.  If 

2V 

the  reference  area  S  is  chosen  to  be  the  area  — j— ,  the  non  dimensional 

Lj 
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mass  is  seen  to  be  m  —  1,  which  gives  a  very  simple  form  to  the 
equations.  For  the  purpose  of  this  paper,  however,  the  reference  area 
for  lateral  motion,  SL,  will  be  taken  as  equal  to  the  product  of  WL 
length  and  draught  of  underwater  area.  By  this  convention  the  non- 
dimensional  coefficients  will  be  related  to  a  "wing”  area,  while  the 
mass  will  still  appear  as  m  in  all  results  deduced  from  the  equations 

B 

of  motion.  Numerically  the  value  of  m'  will  be_2  fiB  .  (The  product 


I1L  is  preferred  to  the  true  contour  lateral  area,  as  the  amount  of 
deadwood  or  cut-away-area  is  one  of  the  major  parameters  affecting 
the  values  of  some  of  the  coefficients.)  Finally,  if  unit  time  is  the 
time  required  to  travel  one  ship  length,  a  time  interval  t  is  expressed 


U 

by  the  number  of  ship  lengths  travelled  in  that  interval.  /'  =  —  t\ 

L 


from  this  are  derived  the  units  for  linear  velocity,  L\  for  angular 
velocity,  UjL,  for  linear  acceleration.  I."1  L.  and  for  angular  accelera¬ 
tion,  UlILx. 


A  non-dimensional  force-angular  velocity  derivative  is  defined 
as  the  partial  derivative  of  the  normalized  force  coefficient  with 
respect  to  the  normalized  angular  velocity,  and  so  for  instance  Yr  — 

Z  |l"  ~  f.’1  |r' |  The  diagrams  in  Fig.  6 

exemplifying  the  discussion  of  Section  5,  have  licen  presented  in  this 
form.  A  complete  list  of  the  derivatives  and  other  symbols  has  l>een 
supplied  in  Section  2. 

Now  there  results 


("»'  -  Y'.)  [}'  -f  Vi  /f  -r  >  '  ’!•'  4-  (l'r  m')  r' 

.V'  f,'  -  .V'  /f'  -r  (m'  **  -V'  )  v; '  -V'  y'  '■  Y'c 

r>'  -r  /  y'  i'  b' 


(7.4) 


When  the  time  lag  is  ignored,  the  third  equation  may  be  substituted 
into  the  two  others,  and  the  effect  of  rudder  control  then  is  merely  a 
change  of  the  damping  and  stiffness  characteristics  of  the  ship.  Ill 
the  general  case,  time  lag  is  quite  important. 

The  forcing  rudder  input  may  contain  a  constant  part  associated 
with  a  turn  of  radius  Br  L  r' ,  whieh  within  the  validity  of  linear 
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treatment  may  be  estimated  from  (7.4),  the  drift  angle  and  rate  of 
change  of  heading  being  constant  in  this  state  of  equilibrium. 

K  y'  K-ji',  (y;-  m) 
l  :  (.v'  +  ;.  y;>  Yfa  — - .  (l'5) 

The  terms  of  both  members  of  the  equations  (7.4)  thus  in  balance  may 
be  eliminated  before  proceeding  with  a  further  investigation  of  the 
stability  of  the  motion. 

In  the  three  homogeneous  linear  differential  equations  (7.4),  the 
variables  /?,  y  and  o  are  now  all  functions  of  the  independent  time 
variable  t',  the  number  of  ship  lengths  sailed.  (Below,  the  symbols 
of  angular  deflections  will  be  written  without  the  primes;  on  the 
other  hand,  the  prime  must  not  be  omitted  from  a  quantity  like  H' , 
of  course.)  As  de‘1'  dt'  =  ,ie"' ,  a  set  of  solutions  of  the  form 


li  ft 

V  V\ 

f>  ft  e,r 


(7.6) 


is  always  valid  for  these  homogeneous  equations,  which  may  then  be 
converted  into  a  system  of  algebraic  equations  by  the  substitution  of 

d 


this  solution,  i.  e.  by  use  of  the  derivation  symbol  s 
set  of  equations  is  now 


dt' 


.  The  new 


|(m'  Y'.)s  +  Y‘f)  [1,  +  (  Y\  s 2  f  (  y'  -  m')  s)  +  y,)  ft  =  0 

f-v  •  *  -v .1 !  ft  +  [("*'  -  y';)  s2  -  -V' s]  V;  +  /.  y';  ft  o 

[o'  .1  \  ftj  V,  —  11  ft  0 


W  hen  the  rudder  angle  is  not  related  to  the  heading  of  the  ship 
but  to  a  known  function  of  time,  the  thin!  equation  vanishes  and  the 
two  first  ones  completely  describe  the  motion  of  the  ship;  if  the  rudder 
input  is  periodic,  the  ship  is  then  forced  to  oscillate  with  the  frequency 
of  the  rudder.  From  the  three  equations  pertaining  to  the  ease  of 
automatic  steering  it  is  possible  to  solve  the  complex  natural  frequ 
eneies  of  the  eloosed  loop  system,  st  qi  +  j<”i,  as  well  as  the  ratios 
ft/h  and  y,/A  If  all  values  of  s,  are  situated  in  the  negative  half  of 
the  complex  plane,  i.  e.  if  all  values  of  qi  are  negative,  all  the  natural 
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component  oscillations  of  the  system  will  be  damped  and  decay  with 
time..  As  a  quantitative  measure  of  the  directional  stability  of  the 
steered  ship  Schiff  and  Gimprich  (1949)  introduced  the  parameter 
q,  being  to  the  right  in  the  sequence  of  q(  along  the  real  axis  and 
dominating  the  motion  for  large  The  actual  figure  of  q  will  not  be 
further  considered. 

As  the  algebraic  equations  of  (7.7)  all  are  homogeneous  a  non-trivial 
solution  not  equal  to  =  0  demands  the  determinant  of 

the  system  to  be  zero. 

In  a  more  general  form  the  three  algebraic  equations  may  be 
written 


(aii<sl+&iiS+c11)/?i+  (<his2Jrblts-{-c12)\pi-\-  (a1332+f>,s3 +0,3)6;=  0 

^22*5  ~i“  £22)^1  (®23^2-i'^23^  ~t“^ 23)^1  ==  0 
(a,,  a1  +  &31S + <:,!)&  -f  (aS2.?2 +bits+c3i)yi+  (a^s2  +  b^s -f-  C33)  <5;  =  0 


(7.8) 


and  the  determinantal  equation  then  is 

—  Aai  (A, j  AIS  Ajj)  A32  (A,,  A j3  A, 3  A21)  + 

_1_  A 33  (An  A jj  Ajj  A21)  =  0  (7-9) 

where  Aif  =  a„  a2  +  b(l  a  -f  c„. 

In  the  determinantal  equation  of  (7.7)  A3I,  au,  cij,,  a32,  c12,  c2i,  al3, 
aB,  a-331  b13  and  ba  all  are  zero,  and  the  equation  is  given  by  a  quartic 
in  a, 

D(s)  =  a*  +  Bs*  +  CV  +  Ds  +  E  =  0  (7.10) 

If  the  rudder  angle  called  for  were  made  proportional  to  rate  of  change 
of  heading  only  (y'  =  c,j  =  0)  this  equation  would  have  one  root 
equal  to  zero  and  there  would  no  longer  be  a  controlled  heading.  When 
the  rudder  remains  fixed  in  a  mean  position,  so  that  <5;  is  constant  and 
equal  to  zero,  the  determinantal  equation  again  is  reduced  to  a  cubic, 

(m'  --  y ')  s  +  Y'f  Y‘rs  +  {Y'r-m') 

s  =  0  (7.11) 

\N\s-N't  (m'  PL  -  N !)  3  -  N'r 


one  root  of  which  is  seen  always  to  be  equal  to  zero,  corresponding 
to  the  lack  of  preference  for  a  defined  compass  heading.  The  condition 
for  dynamic  stability  may  then  be  easily  derived  from  equation  (7.11). 
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8.  The  Concepts  of  Stability  and  the  Characteristic  Equation 

The  stability  of  the  permanent  motion  of  an  unsteered  or  automa¬ 
tically  steered  ship  in  a  calm  sea  is  inferred  from  the  characteristics 
of  the  ship  response  to  a  small  disturbance,  i.  e.  of  the  deviations  from 
the  steady  state  in  the  time  following  that  disturbance.  For  a  stable 
motion  to  persist,  these  transients  will  tend  to  zero  as  time  increases. 

A  ship  is  said  to  be  dynamically  stable  on  a  straight  course  or  in  a  turn 
oj  constant  curvature  if,  when  slightly  disturbed  from  its  steady  motion,  it 
will  soon  resume  that  same  motion  along  a  slightly  shifted  path,  without 
any  correcting  rudder  being  applied. 

If  the  ship  is  dynamically  stable  on  a  straight  course  it  is  aiso  said 
to  have  an  inherent  lateral  stability.  If  it  is  not  dynamically  stable 
on  a  straight  course  with  zero  rudder,  this  configuration  will  usually 
be  dynamically  stable  in  a  rather  gentle  turn  in  either  direction,  due 
to  the  non-linearities  of  the  hydrodynamic  reactions. 

A  body  that  has  no  inherent  lateral  stability  may  be  made  dyna¬ 
mically'  stable  by  means  of  some  kind  of  stabilization  by  a  controlled 
rudder  motion.  In  practice  such  a  stabilization  would  rarely  be  applied 
to  seagoing  ships,  which  instead  are  made  directionally  stable  by  the 
action  of  a  helmsman  or  by  use  of  automatic  steering  devices.  A  ship 
may  acquire  a  directional  stability  without  having  an  inherent  lateral 
stability,  which,  however,  necessitates  more  severe  demands  on  the 
time  lags  tolerated  in  the  steering  process. 

A  steered  ship  is  said  to  be  directionally  stable  if  the  rudder  can  be 
forced  to  compensate  for  repeated  disturbances  so  that  the  ship  will  follow 
a  preset  course  on  the  compass  with  only  small  oscillations  in  yaw  and 
sway.  In  a  calm  sea,  the  oscillations  set  up  in  the  system  by  a  finite 
small  disturbance,  must  tend  to  zero  as  time  increases. 

It  is  important  to  note  that  a  dynamically  unstable  ship  with 
fixed  rudder  will  enter  a  spiral  turn,  however  small  the  disturbance 
met,  whereas  the  stable  ship  will  deviate  more  from  its  initial  heading 
the  larger  the  disturbance.  In  the  same  way  a  steered  ship  will  oscillate 
more  the  larger  the  amplitudes  of  the  disturbances. 

In  the  last  section,  the  response  of  the  ship  motion  in  each  one  of 
its  degrees  of  freedom  was  assumed  to  be  made  up  of  a  sum  of  ex¬ 
ponential  terms,  the  exponents  of  which  appeared  as  roots  in  the  cha¬ 
racteristic  or  frequency  equation  D(s)  =  0.  For  the  cases  considered, 
this  equation  was  Been  to  be  given  by  the  quartic  (7.10),  or  by  an 
equation  of  lower  degree. 
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In  order  to  determine  whether  the  dynamical  system  is  stable  or 
not,  it  is  not  necessary  to  evaluate  the  numerical  values  of  the  roots 
of  the  characteristic  equation  but  only  to  find  their  signs;  if  the 
motion  is  stable,  all  real  roots  or  real  parts  of  complex  roots  are 
negative.  The  criteria  for  stability  is  then- made  up  of  the  conditions 
imposed  on  the  constants  of  a  characteristic  equation  having  no  posi¬ 
tive  real  roots  or  positive  real  parts  of  complex  roots,  and  the  number 
of  such  independent  conditions  must  be  equal  to  the  number  of  roots. 
For  shipform  bodies,  some  of  these  conditions  are  always  satisfied  and 
the  criteria,  for  lateral  stability  may'  be  expressed  by'  a  single  inequality. 

The  constants  of  the  characteristic  equation  are  all  real  numbers, 
and  complex  roots  therefore  will  appear  in  conjugate  pairs.  If  the 
quartic  (7.10)  is  factorized  with  respect  to  its  four  roots,  real  or 
complex,  it  takes  the  form 

S4  +  {—  («1  4-  * 2)  —  (Sj  +  Si)}  S3  I  {s,  s2  +  («,  +  s2)  (s3  +  -s4)  +  .S3  s4}  a*  + 

+  {—(«,  +  ,s2)  s3  s4  —  s,  s2  (S3  -f  s4)}  s  +  (s,  s2)  (s3s4)  =  0  (8.1) 

and  it  is  easily  seen  that,  provided  the  real  parts  of  all  roots  are 
negative,  the  coefficients  B,  C,  D  and  E  will  all  be  positive.  In  the 
way  these  coefficients  are  related  to  each  other,  this  implies  three 
independent  and  necessary  conditions  for  stability,  but  there  remains 
to  find  a  fourth  one  in  order  to  exclude  the  combinations  of  positive 
and  negative  roots  which  are  also  possible. 

If  all  the  coefficients  are  positive,  two  real  roots  or  the  real  parts  of 
a  pair  of  conjugate  complex  roots  may  still  be  positive,  thus  making 
the  system  unstable.  In  the  limit,  when  the  real  parts  of  each  of  these 
two  roots  and  therefore,  also  the  sum  of  the  roots  are  all  equal  to  zero, 
the  system  has  just  gained  a  neutral  stability.  First  assume  that  the 
imaginary  parts  are  also  equal  to  zero;  then  I)  and  E  will  both  vanish, 
and  the  equation  is  reduced  to  one  of  the  second  order.  The  case  of 
complex  roots  therefore  is  discriminative.  In  equation  (8.1)  let  for 
instance  s3  -f-  .?4  0,  whereas  the  product  of  the  two  roots  has  a 

finite  positive  value.  By  inspection  of  equations  (7.10)  and  (8.1)  the 
three  unknown  (s,  -f  «2),  Sj  s2  and  s3st  may  now  be  eliminated,  and 
the  critical  relation  of  the  coefficients  is  found  to  be  B0('0D0 
FPaEa  —  Z)J  =  0,  where  the  subscripts  indicate  the  special  values 
corresponding  to  this  solution.  In  general  the  real  term  of  ,<t3  and  st 
is  not  zero  and  the  value  of  Routh’s  discriminant  R  BCI)  EE1 
—  I)2  thgn  also  differs  from  zero;  remembering  that  the  coefficients  of 
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the  quartie  all  are  assumed  to  be  positive,  the  sign  of  the  discriminant 
follows  that  of  the  product  (sy  +  s2)  (a3  4-  s4),  where  sy  -f-  st  is  negative. 
If  s3  +  sA  is  not  zero  but  negative,  as  is  required  for  the  stable  system, 
this  product  is  positive. 

A  dynamical  system,  the  characteristic  equation  of  which  is  the 
quartie  (7.10),  is  thus  proved  to  be  stable  if  five  quantities  all  are 
positive,  i.  e. 


B,  C,  D,  E  >0 
BCD  -  &E  -  >  oj 


(8.2) 


By  putting  one  root,  equal  to  zero  the  constant  term  is  ^7  =  0  and 
the  criteria  for  stability  of  the  cubic  s3  +  Bs-  4-  Cs  4-  D  0  is  seen 
to  be  that  the  coefficients  all  are  positive  and  that  BC  >  D.  If  one 
more  root  is  zero  D  =  0  and  the  indication  of  a  stable  quadratic  is 
simply  that  the  coefficients  of  the  linear  and  constant  terms  both  arc 
positive. 

In  the  quadratic  determinant  of  (7.11)  the  coefficients  of  s' 2  and  s 
are  esaily  proved  to  be  positive,  and  there  will  therefore  be  two 
negative  roots  provided  that 

(Y'r-  Y'tN’r  >0  (8.3) 

which  is  the  well-known  criterion  for  dynamic  stability  with  fixed 
controls.  (A  few  comments  on  this  criterion  will  be  added  in  Section 
10.)  For  normal  ships  the  two  roots  will  be  real;  the  one  to  the  right 
along  the  real  axis,  pt,  becomes  more  dominating  as  time  increases 
and  it  is  therefore  termed  the  dynamic  stability  index.  For  a  stable 
ship  the  inverse  of  —  py  will  be  roughly  equal  to  the  number  of  ships 
lengths  sailed  in  the  time  the  magnitude  of  an  initial  disturbance  will 
be  reduced  in  the  ratio  e:l. 

The  introduction  of  a  new  link  in  the  dynamical  system  associated 
with  an  additional  freedom  of  motion  or  with  a  feed  back  rudder 
control  —  materially  complicates  the  form  of  the  determinant.  In 
some  eases,  however,  the  characteristic  equation  may  be  written  down 
directly  from  the  inspection  of  a  "block  diagram”,  as  will  be  seen  below 
When  considering  the  transient  motion  of  a  ship  in  response  to  an 
operating  rudder,  the  problem  demands  not  oidy  the  solution  of  the 
roots  of  a  characteristic  equation  of  higher  degree  but  also  the  elimina¬ 
tion  of  a  set  of  unknown  constants,  these  being  functions  of  the  initial 


or  boundary  conditions  of  the  motion.  It  is  then  convenient  to  make 
use  of  operational  methods,  by  which  the  original  differential  function 
of  time  is  transformed  into  the  spectral  distribution  of  a  new,  algebraic 
function  of  the  complex  frequency  variable,  and  where  the  initial  con¬ 
ditions  are  introduced  at  an  early  stage.  Again,  for  a  simple  harmomc 
input,  the  transfer  operator,  relating  output  to  input  spectral  distribu¬ 
tions,  soon  reduces  to  a  steady  state  transfer  ratio  in  terms  of  a 
magnification  factor  and  a  phase  shift.  In  the  next  section  the  basics 
of  frequency  response  will  be  applied  to  the  study  of  control  system 
stability. 


9.  Frequency  Response  and  Automatic  Control  Stability 

Let  the  motion  of  the  rudder  be  specified  by  the  purely  sinusoidal 
input  <5  =  fia  eju>  ‘ ,  represented  by  the  projection  of  a  rotating  vector 
of  magnitude  6a  on  to  the  imaginary  axis;  the  stable  ship  will  then 
be  forced  to  oscillate  in  a  similar  steady  mode,  so  that 


0  =  Bf  da  ei(u,r+<p?)  =  Rf  ei<pP  <5  | 

y>  =  Rv6a  e«"v-nV  =  Ry,  e,9V  6  | 


(9.1) 


where  R ^  and  Rw  have  the  meaning  of  magnification  factors  (or 
amplitude  ratios)  and  <f  p  and  <pw  are  phase  shift  angles.  Below  R  and 
9?  without  indices  will  stand  for  R,p  and  <fy,  respectively.  The  complex 
T 

quantity  —  =  Re,v  is  termed  the  transfer  ratio  for  the  frequency 


considered,  and  the  function  —  (jio')  is  the  frequency  response 


function,  or  the  transfer  function.  This  solution  for  the  transfer 
function  will  be  derived  in  twro  slightly  different  ways,  the  second 
one  perhaps  more  attractive  to  the  naval  architect  familiar  with  the 
classic  studies  of  rolling  in  waves. 

By  the  substitution  of  j o/  for  the  complex  quantity  s  in  the  two 
equations  of  (7.7),  which  characterize  the  ship-and-rudder  system, 
there  result 


[{m'—Y’i)jo/  + 
[A!  jo/  -  N '] 


O 

Y'f]  J  +  [( r;  -m')  jo/+  f:  (,■«')*]  rp-  =  -  y's 
^+[{m'  k\  -  n; )  (jo/y  -  a;  jo/]  J  =  -  y's 


(9.2) 
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Then  the  tra.nsfer  function  from  rudder  deflection  to  yaw  is 


(K  +  A  Y'j}  (9.3) 


wlm-e  the  det*  mnant  D  (j  w')  Las  the  form  of  (7.11);  it  may  be 
factorized  as 

D{joj')=  t  N '  Y  (]  (jo/)  (jo/- p,)  (jo>'-p2)  (9.4) 


pl  and  p2  being  the  real  roots  of  D  (s)  —  0  i  ussed  in  Section  o.  (See 
also  below.)  Each  factor  of  the  transfer  ratio  v  be  regarded  as  a 
vector  in  Aroand’s  diagram,  j  o'—  py  for  instance  -*  that  one 
drawn  from  the  point  py  on  the  real  axis  to  «>’  on  the  imagi  .  axis. 
By  the  laws  of  vectorial  multiplication,  the  amplitude  ratio  or  modu  s 

V 

and  the  phase  shift  or  argument  of  — -  (j  w')  are  respectively 


R  = 


-  y: i]  y's  j 

("<'2  +  1>\)  (w'2  +  Pi) 


* ,  r 

a;  +  a  y; 

.i 

-a  {m'-Y’.) 

«>' 

tan  1 

—  tan  1  — 

(9.5) 


a/ [A'  —  ).(m' —  Y  '■) 

ip  =  tan  -  T-7.1 

N?  +  ).  Y?  -  p,  -  p. 

Assuming  the  acceleration  derivatives  Y and  A-  both  to  be  negligibly 
small,  (9.5)  takes  the  form  given  by  Schiff  ( 1 048);  for  convenience 

a;  +  ;.  y; 

-.vrite  a  =  -  -  -  ,  whence 


R  = 


tan 


<P 


A  Y'e  |V2  +  a2 

^  t  o/  ■  y«/2  +  Pi  •  j  o/2  +  p\ 

id'2  (p,  4-  p2 )j-  a  {py  p^  id'2) 


(3.6) 


Thus  R  and  7-  are  functions  of  the  frequency  of  the  forced  motion; 
analytically,  moreover,  the  quantities  a,  p,  and  p2  all  are  formed 
from  the  stability  derivatives,  which  themselves  may  be  functions  of 
that  motion.  (Cj.  Section  5.)  Also  note  that,  at  higher  frequencies, 
the  amplitude  ratio  may  be  somewhat  smaller  and  the  true  lag  between 
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ship  and  rudder  motions  slightly  larger  due  to  the  unsteady  effects 
of  rudder  lift,  indicated  in  Fig.  10.  (See  also  below.) 

Again,  alternatively  and  with  the  assumptions  above,  the  equations 
of  the  forced  motion  may  be  written 

(m'  -  y')  /?'  +  Y',p+  (Y’r  —  m')  r"  -  Y'36a  sin  w't'\ 

(9.7) 

AT'  (i  (m  -  N'-)  r  +  N'r  r'  ■  l  Y'n  da  sin  «iT  J 

By  elimination  of  />  the  oscillation  in  yaw  is  determi  <ed  by 


F  4-  2  hr'  4  t<>*  r'  r'a  o> 


’4  I - cos  w't'  4-  sin  (o't'j  (9.8) 


where  r',  is  tm^^^yeady  turning  rate  for  a  permanent  rudder  deflection 
equal  to  the  ampu^^^le  6a ,  where  a  has  the  meaning  attached  to  it 

above  and  where  2 h  .  —  ,  P  ,T,  .  For  the  inherently 

m  m  k  ,  —  N  ■ 

stable  ship,  the  coefficients  of  the  r^ij^mogeneous  equation  have  all 
been  shown  to  be  positive,  as  required  T^^^the  initial  transients  to 
decay,  <»'  2  >  0  of  course  leads  to  the  criterioiiN^aa).  Formally,  «>,' 
would  be  the  natural  frequency  of  an  undamped  frei-T^^ywing  ship. 
Due  to  the  very  high  damping  in  yaw,  however,  h  >  on 
the  real  motion  of  the  unsteered  ship  is  of  a  non -oscillatory  character's 
and  there  is  no  resonant  frequency  of  the  forced  oscillation.  Nevert  ie- 

lcss  the  quotient  A  ,  the  ideal  tuning  factor,  has  a  direct  bearing 

on  the  steady  state  frequency  response. 

The  steady  state  particular  solution  of  (9.8)  must  be  of  the  form 

r  =  r'a  (A  cos  o>t'  +  B  sin  w't")  (9.9) 

where  A  and  B  o  to  be  chosen  so  as  to  satisfy  the  complete  equation 
for  all  values  of  u>  *  ’  i  n  the  magnification  factor  is  /t  =  )  A 2  +  B 2, 

whereas  the  phase  angle,  1>\  which  the  motion  of  the  ship  leads  the 

forcing  rudder  input,  is  e  -  tan  ^  v  integration  of  this  solution 

for  r'  the  complex  transfer  ratio  of  yaw  e  •  ‘'to  rudder  input  is 
readily  found  to  be 

—  =  Re^  =  *'■10) 

A  '  OaM 
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Solving  for  R  and  (p  in  this  expression  gives 


R  = 


2  V'. 

'•  o _ 

m'  k\  -  N'- 


V'e/2  +  a- 


'>'1 


d/2)2  +  4  ft2  o' 


2  h  to 
tan  <p  - 


a  (o'n2  —  ro'2) 
2haa>‘  —  o'  (a>„2  —  (o'2) 


(9.11) 


which  is  easily  seen  to  agree  with  the  previous  result. 

Perhaps  the  influence  of  frequency  may  best  be  studied  from  the 
magnification  factor  for  rate  of  yaw  amplitude,  written  in  terms  of 
the  ideal  tuning  factor, 


1  /  l  h  \2 


(9.12) 


For  .1  0  it  is  always  /(  ■,  f  >  uirse,  and  for  oscillating  rudders 

tht  rate  amp.itu  decreases  with  :»c.  sing  frequency;  it  is  then  also 

a  function  of  ship  parameters,  condensed  in  tin  ""'r.nMties  ^  and 

h 

,  .  FJg.  1 1  shows  an  example  of  the  transfer  function  fro  ”’'dder 

(f>n 

deflection  to  yaw,  using  the  equations  (9.6)  for  separate  plots  o 
amplitude  ratio  and  phase  shift  for  a  modern  tanker  form. 

For  the  numerical  calculations  the  following  approximate  figures 
have  been  estimated: 


LB 

n  n 

/. 

0/; 

in' 

7, 

*/, 

AT' 

-‘-1’  T 

7.5 

•>  r 

(l  015 

0.505 

0.7S 

0.208 

0.25 

0.095 

A" 

r 

x: 

»• 

v; 

>•; 

r; 

> 

r 

0.(104(1 

~0 

0.070 

0.925 

~0 

o.oso 

0.23 

0.050 

By  use  of  the  linear  formula  (7.5),  the  diameter  of  a  2<)c  rudder 
uing  circle  may  he  seer,  to  be  roughly  5.5  ship  lengths,  whi*  h  is 
n,  mil  value  for  this  type  of  ship.  From  the  determinant  of  equation 
he  two  roots  /),  and  ?)2  are  found  to  be  0.30  and  —  6.10 
pcctiveV  1.  c.  the  ship  nas  a  moderate  inherent  stability  on  course. 


ice/#  tf  amplitudt  ratio 


Scalo  of  non-  dimensional  frequoncy,  U)‘‘2k 


Fig.  II.  Transfer  function  (frequency  response  function)  from  rudder  deflection  to 
yaw.  Example  calculated  for  tanker  form  from  data  estimated  in  the  text. 


When  analyzing  the  harmonic  response  of  a  ship  or  model  run  at 
different  rudder  frequencies  the  equations  of  (9.6),  (9.11)  or  (9.12) 
may  all  be  utilized  to  determine  the  stability  index  or  othei  ydro- 
dynamic  properties,  expressed  by  combinations  of  the  stability 
derivatives.  The  techniques  involved  in  such  procedures  are  discussed 
at  some  length  in  the  report  by  Schiff  already  referred  to.  In  this 
case,  the  values  of  the  derivatives  are  assumed  to  be  the  same  in 
different  runs,  which  has  been  seen  to  be  reasonably  true  only  when 
moderate  frequencies  are  used.  Of  course  the  equations  may  also  be 
used  for  a  calculation  of  the  transfer  function  from  a  knowledge  of  the 
stability  derivatives,  preferably  derived  from  captive  tests  at  several 
frequencies.  It  is  often  of  interest  to  obtain  a  result  for  the  transfer 
function,  whereas  the  individual  parameters  are  not  required;  this  is  the 
case  when  considering  the  automatically  steered  ship. 

The  ship-and-rudder  then  forms  part  of  a  closed  loop  servo  system, 
built  up  from  different  blocks  or  servo  amplifiers.  lor  each  block  — 
control  unit,  steering  engine  etc.  —  the  transfer  ratio  may  be  calculated 
be  methods  analogous  to  those  just  used,  or  it  may  be  evaluated  from 
frequency  response  tests  in  the  component  workshop.  The  total  open 
loop  transfer  ratio  may  be  derived  from  full-scale  experiment's  at  sea. 
where  the  steering  engine  receives  a  signal  which  is  as  closely  skiusoidal 
as  possible,  and  where  the  control  unit  output  is  recorded,  also,  as 
the  transfer  ratio  product  is  commutative,  the  heading  output  may  be 
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a)  System  as  treated  in  text. 


b)  Alternative  system  with  rudder  motion  feed  back  in  place  of  rate  of  change  of 

heading  control. 

Fig.  12.  Block  diagram  of  simple  automatic  steering  systems. 


recorded  in  a  test,  where  the  sinusoidal  signal  from  a  low  frequency 
generator  is  fed  into  the  control  unit. 

When  the  feed  back  loop  is  closed,  the  output  from  the  ship  and- 
rudder  block  is  added  to  the  input  to  the  control  unit  (n.  b.  with 
signs  reversed)  and  the  control  output  is  made  the  new  input  to  the 
steering  engine.  (See  Fig.  12  a.)  The  object  of  the  automatic  control 
is  to  make  the  true  heading  output  as  near  as  possible  to  the  desired 
course  on  the  compass;  the  momentary  heading  error  tp(  =  y,  —  V'o 
is  sensed  by  a  detector  and  the  signal  may  be  amplified  and  converted 
in  the  control  unit  to  transmit  an  order  for  rudder  angle  d*.  Due  to 
the  steering  engine  delays,  the  actual  rudder  angle  response  to  this  order 
will  be  given  by  d  -J-  /'  d  =  b*,  corresponding  to  a  transfer  function 
A  1 

- = - — — 7 .  The  non-stationary  rudder  lift  relationship 

A*  1  +1  jo  J 

established  in  Section  6  suggests  the  introduction  of  a  new  block  for  the 
analytical  representation  of  the  transfer  function  from  rudder  angle  to 
rudder  force;  of  course  its  effect  is  present  in  a  total  open  loop  transfer 
function  deduced  from  experiments,  but  at  present  it  will  not  be 
included  in  the  examples  calculated  below. 
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As  has  already  been  pointed  out,  there  is  in  many  commercial 
control  systems  a  feed  back  of  the  rudder  angle  output,  which  by  an 
“auxiliary  rudder  gear”  is  translated  into  a  suitable  regain  of  heading. 
(See  alternative  block  diagram,  Fig.  12  b.)  In  such  a  system,  the 
controller  generally  orders  a  constant  rate  deflection  of  the  rudder 
until  the  “virtual”  heading  error  is  reduced  to  a  certain  small  angle 
allowed,  whereas  the  reverse  rudder  manoeuvre  does  not  start  until 
that  same  small  angular  error  is  sensed  on  the  opposite  bow.  The 
simple  analysis  presented  below  is  not  readily  applied  to  a  non  -linear 
steering  control  of  that  kind,  however. 

The  transfer  function  of  the  control  mechanism  here  studied  will 

A* 

satisfy  the  equation  6*  =  y'  yie  a'y>r,  so  that  —  y  -j-  o'  ju>'. 

e 

The  heading  output  xpg  is  related  to  a  sinusoidal  signal  fed  into 
the  control  by  the  complex  o]>en  loop  transfer  ratio 

yn  A*  A  Y’s  (-  a)  / 

V'e  —  XPC  A*  A  in'  i?L  —  N'.  V\Vi 


(9.13) 


the  corresponding  over  all  amplitude  ratio  and  phase  shift  being 
characteristic  for  each  frequency.  'Phis  response  is  shown  in  the  opep 
loop  polar  plot  in  Fig.  13  a,  calculated  for  the  tanker  form  already 
used.  Four  cases  arc  considered,  varying  in  turn  the  rudder  lag 
coefficient  V  and  the  control  parameters  y  and  o';  the  full  line  curve 
indicates  a  steering  arrangement  for  which  Y  0.1  and  •/  o'  =  1. 

The  way  in  which  the  open  loop  transfer  ratio  varies  with  the 
frequency  offers  an  important  test  of  the  stability  of  the  Hosed  loop 
system  with  one-way  feed  back  engaged.  A  small  disturbance  of  the 
motion  of  the  ship  calls  for  a  correcting  rudder,  and  so  an  os  dlation 
will  be  set  up.  This  oscillation  may  tend  to  zero  as  time  increases,  in 
whieh  ease  the  system  is  said  to  have  at  least  an  absolute  directional 
stability;  in  practice,  the  satisfactory  operation  of  an  automatic  pilot 
even  in  a  “calm”  sea  does  require  a  eertain  rate  of  decay  of  the  “calm 
sea  oscillations”,  or  a  certain  degree  of  relative  directional  stability 
providing  a  safeguard  against  the  effects  of  “noise”  and  inaccuracies  of 
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the  theory.  In  this  introductory  study  the  criterion  of  absolute 
stability  will  be  considered,  using  the  Nyquist  diagram  fur  the  single 
loop  servo  system.  In  electronic  amplifier  design  practice,  there  are 
some  simple  rules  for  the  stability  margins  of  “gain”  and  phase  lead 
which  are  usually  regarded  as  sufficient,  and  they  have  been  suggested 
for  guidance  in  ship  control  work  also.  (See  below.) 

In  an  expression  for  the  total  open  loop  transfer  function  written 
like  that  in  (9.13),  the  product  of  all  factors  not  dependent  of  the 
frequency  is  termed  the  static  loop  gain  K.  The  dynamic  loop  gain 
for  each  specified  frequency  is  the  amplitude  ratio  of  i/;0  and  yre  at 
that  frequency. 

In  Fig.  13  the  open  loop  response  curve  may  be  regarded  as  the 
locus  of  the  vector  quantity  KG  (j  to'),  ako  being  the  locus  of  an 
output  vector  from  the  origin  of  a  diagram,  in  which  the  error  vector 
or  open  loop  input  is  represented  by  the  unit  vector  along  the  positive 
real  axis.  The  magnitude  and  phase  Bhift  of  the  closed  loop  response 
may  then  be  found  from  a  simple  addition  of  vectors  as  shown  in  Fig. 
14  a. 

For  the  feed  back  system  there  is 

Wo  (?  '”')  —  KG  ( j  to')  ■  V'  ( j  (o')  | 

V’e  (j  <•>')  v'i  (/  *»')  —  Wo  (j  «’»')  1 
from  which  the  closed  loop  transfer  function  is  given  by 

To  .  ,  KG  (jo/) 

V,  (l  *  1  +  KG  (j «./) 

At  a  certain  frequency,  given  by  a  point  on  the  open  loop  output 
locus,  the  closed  loop  magnification  factor  M  is  the  ratio  of  the 
distances  from  this  point  to  the  origin  and  to  the  (  1,0)  point 

resjrectivcly. 

Suppose  the  compass  input  to  be  disengaged.  It  is  then  possible 
to  make  the  feed  back  control  maintain  an  oscillation  of  the  ship  with 
constant  amplitude  at  that  frequency,  for  which  the  open  loop  phase 
shitt  is  equal  to  1  H0°.  provided  that  the  dynamic  loop  gam  can  be  made 
equal  to  unity  by  a  proper  selection  of  static  gain,  adjustable  in  terms 
of  control  unit  parameters.  A  small  compass  deviation  signal  intro¬ 
duced  in  the  error  detector  is  sufficient  to  cause  excessive  oscillations, 


(9.14) 


(9.15) 


b)  Absolute  stability  according  to  the  Nyquist  criterion  and  relative  stability  as 
judged  from  accepted  practice: 

Fig.  i3.  Closed  loop  stability  from  open  loop  frequency  response. 
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Fig.  14.  System  transfer  function  from  open  loop  frequency  response. 


however,  as  according  to  (9.15)  the  closed  loop  transfer  function  now 
has  a  pole  at  (—1,  0). 

For  stability  to  exist  in  the  normal  control  case,  therefore,  the 
frequency  response  curve  must  not  pass  through  this  point  but  leave 
it  to  the  left  when  viewed  in  the  direction  of  increasing  frequency.  The 
NyquIst  (1932)  criterion  for  the  stability  of  a  single  loop  feed~back 
system  with  stable  components  requires  that  its  open  loop  transfer 
function  must  not  encircle  the  (—1,  0)  point.  A  simple  proof  of  this 
statement,  using  the  inverse  transfer  functions,  has  been  given  by 
Evans  (1954). 

Id  (9.15)  was  given  the  system  transfer  function  as  derived  from  the 
open  loop  frequency  response;  its  general  form  is  obtained  by  the 
substitution  of  the  complex  quantity  s  for  j  o. The  poles  of  this  new 
function,  which  determine  the  character  of  the  transients  following 
a  small  disturbance,  are  the  zeros  of  the  equation  1  +  KG  (s)  =  0 
and  correspond  to  the  roots  of  the  characteristic  quartic  discussed  in 
Section  8.  That  same  expression  appears  in  the  numerator  of  the 
inverse  system  transfer  function 


(®)  =  1 
-  o 


4- 


KG  (s) 


(9.16) 


the  construction  of  which  is  demonstrated  in  Fig.  14  b.  Note  that  the 
direction  of  positive  phase  shift  is  now  reversed,  and  that  the  magnifica¬ 
tion  factor  is  simply  the  reciprocal. 
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In  the  case  consideicd  it  is 
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(9.17) 


The  characteristic  equation  resulting  from  (9.17)  is  identical  with 
(7.10)  except  for  a  constant  multiplier.  If  the  control  unit  transfer 

A* 

function  is  reduced  to  —  (s)  —  o's,  i.  e.  if  the  rudder  angle  called 

*  r 

for  is  proportional  to  rate  of  change  of  heading  only,  one  root  will 
always  be  equal  to  zero,  and  the  ship  will  then  not  be  directionally 
stable.  (Cf.  eq.  (9.13)  and  Section  7.)  Of  course  the  conditions  for 
directional  stability  may  now  be  tested  by  use  of  the  algebraic  rules 
developed  in  Section  8.  Thus  the  characteristic  equation  of  the  tanker 
example  with  o'  =  y'  —  1  and  /'  —  0.1  reduces  „o 

s*  +  16.4  ^  +  80.7  s2  +  52.3  s  +  19.07  =  0  (9.18) 

the  coefficients  of  which  satisfy  the  Rooth  criterion  for  stability, 
(8.2),  i.  e.  all  the  roots  («, ,  st,  s3,  st)  are  in  the  left  half  of  the  complex 
plane.  Here,  however,  the  application  of  frequency  response  data 
will  be  considered. 

In  the  general  case  the  quartic  equation  will  have  two  pairs  of 
conjugate  complex  roots,  as  is  indicated  for  a  stable  system  in  Fig.  15  a. 
The  numerator  of  (9.17)  may  be  factorized  assuming  these  roots  to  be 

V ; 

known,  and  for  a  certain  value  of  s  the  total  expression  for  -vn—  (s) 

‘  o 

may  then  be  plotted  as  a  product  of  complex  numbers  representing 
vectors  drawn  to  this  point  s,  each  from  a  fixed  point  in  the  plane. 
(This  product  is  a  new  complex  number,  the  argument  of  which  is  the 
sum  of  the  arguments  of  the  individual  factors  and  which  has  a  magni¬ 
tude  equal  to  the  product  of  their  magnitudes;  it  may  therefore  be 
conveniently  deduced  by  a  graphical  addition  of  vectors  in  an  auxiliary 
diagram  having  arguments  and  logarithms  of  magnitudes  along  the 
abscissa  and  ordinate  axes.)  Of  special  interest  is  the  variation  of 
Vi 

( s )  when  s  moves  up  the  imaginary  axis  of  Fig.  15  a. 
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Fig.  1 To  illustrate  Die  proof  of  the  Xyquist  criterion. 


First  consider  the  complex  representation  of  the  numerator  alone. 
For  s  starting;  from  zero  towards  increasing  values  of  o' ,  the  corres¬ 
ponding  numerator  vector  moves  away  from  its  initial  position  along 
the  positive  real  axis,  rotating  in  a  positive  (anticlockwise)  direction 
as  long  as  s  does  not  leave  the  imaginary  axis.  When  o’  is  very  large, 
the  four  factor  vectors  are  all  parallel  with  an  argument  equal  to  90°. 
and  the  numerator  vector  then  has  rotated  through  360°,  as  seen  in 
Fig.  l.r»  b.  If  s  now  moves  dov  nward  along  an  arc  bounding  the  upper 
right  quadrant  of  the  complex  plane,  all  the  factor  vectors  swing 
hack  to  0°  and  the  numerator  vector,  therefore,  also  turns  back  in  a 
negative  direction  all  the  way  to  the  positive  real  axis.  When  s  then 
precedes  around  the  lower  right  quadrant,  the  numerator  vector  locus 
repeats  a  similar  track  in  the  mirrored  plane,  as  shown  by  the  dotted 
curve  in  the  figure.  It  is  thus  noted  that  the  vector  locus  in  this  case 
does  not  enclose  the  origin  as  s  encircles  the  right  half  of  the  complex 
plane  ]  f .  however,  one  pair  of  roots  of  the  quartic  had  been  situated 
in  that  right  half  plane,  two  of  the  factor  vectors  would  each  have_ 
completed  a  full  swing  from  0°  to  300°  and  the  numerator  product 
vector  would  then  have  rotated  twice  around  the  origin. 

Taking  account  of  the  denominator  as  well,  it  is  seen  that  the  two 
o' 

vectors  .?  a  and  s  +  ,  ,  pivoting  about  points  or.  the  negati\c  real 
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axis,  will  just  cause  a  change  of  phase  of  (9.17),  whereas  the  inverse 
system  operator  curve  will  encircle  the  origin  no  more  than  will  its 
numerator  vector  locus  just  studied.  Now  in  practice,  the  location 
of  the  roots  of  the  characteristic  equation  is  not  known,  but  this 
inverse  system  transfer  function  may  then  be  found  from  the  results 
of  a  series  of  open  loop  frequency  response  tests  by  simply  shifting 

Ve 

the  abscissa  values  in  a  plot  of  (j  o'),  as  suggested  by  equation 

*  o 

Vi 

(9.16).  The  condition  that  the  curve  of  [j  id')  must  not  encircle 

0 

the  origin  may  therefore  be  replaced  by  the  condition  that  the  curve 

of  -jr-  (j  o')  must  not  encircle  the  —  1  point  of  the  real  axis.  It 
"  o 

V, 

is  also  seen  that  the  curve  of  -jyy  ( j  o')  will  then  pass  to  the  left  of 

this  point  when  viewed  in  the  direction  of  increasing  o'. 

When  the  direct  total  open  loop  frequency  response  plot  is  preferred, 
■the  condition  for  a  stable  feed  back  system  requires  that  this  cui-ve 
must  not  encircle  the  —  1  point,  and  that  it  must  leave  this  point  to 
the  left  when  viewed  in  the  direction  of  increasing  frequency.  If  the 
open  loop  eurve  has  the  character  shown  in  Fig.  14  a,  it  is  seen  that 
it  must  pass  inside  the  —  1  point. 

By  use  of  the  Nyquist  criterion,  it  is  now  possible  to  judge  the 
amount  of  directional  stability  of  the  automatically  steered  ship,  for 
whieh  the  open  loop  transfer  functions  at  a  few  different  combinations 
of  eontrol  parameters  were  shown  in  Fig.  13  a.  As  has  already  been 
pointed  out,  the  mathematical  criterion  for  absolute  stability  will  not 
be  a  sufficient  criterion  for  a  good  control  even  in  a  technically  calm 
sea,  and  the  concepts  of  gain  margin  and  phase  margin  have  therefore 
been  introduced  in  Fig.  13  b.  The  gain  margin  is  often  defined  by  the 
faetor  by  whieh  the  open  loop  vector  along  the  negative  real  axis, 
i.  e.  of  180°  phase  lag,  may  be  increased  without  losing  the  absolute 
^ability;  it  is  then  the  reciprocal  of  the  dynamic  loop  gain  at  the 
corresponding  frequency.  The  phase  margin  is  the  phase  shift  from  the 
negative  real  axis  to  that  open  loop  vector  for  which  the  dynamic  loop 
gain  is  equal  to  unity.  In  general,  a  gain  margin  equal  to  e12  and  a 
phase  margin  of  at  least  30°  arc  found  suitable,  this  rule  then  making 
it  sure  that  the  magnification  factor  M  does  not  exceed  a  value  of 
2  —  2.5  even  at  the  resonant  frequency.  (For  design  purposes  there 
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are  some  advantages  of  using  a  diagram,  in  which  the  logarithm  of  the 
magnitude  of  the  open  loop  frequency  response  is  plotted  on  a  base  of 
phase  angle.  If  a  point  corresponding  to  the  (—1,0)  point  of  the  vector 
diagram  is  taken  to  be  the  new  origin,  the  gain  and  phase  margins 
may  at  once  be  read  from  the  intercepts  on  the  axes  ) 

The  full  line  curve  in  Fig.  13  a  corresponds  to  the  case  with  /  =  o'  = 
=  1  and  i'  =  0.1,  the  stability  of  which  has  already  been  verified  by 
the  Routh  criterion  applied  to  the  characteristic  equation  (9.18). 

The  three  dotted  curves  all  relate  to  a  system,  which  has  no  rate 
control,  but  which  is  seen  to  be  well  stable  for  i'  =  0.1,  and  just 
sufficiently  stable  for  l'  —  0.5.  If  the  time  lag  is  further  increased  to 
V  —  1.0  the  system  is  certainly  absolutely  stable  according  to  the 
Nyquist  criterion,  but  the  stability  margins  are  no  longer  "acceptable. 
If  a  rate  control  is  introduced,  with  o'  =  0.5,  the  stable  performance 
will  now  be  regained,  however. 

These  examples  will  only  give  a  rough  idea  of  the  methods  and 
possibilities  of  controller  design.  For  a  fuller  discussion  of  these 
questions,  the  reader  is  referred  to  the  papers  byScuiFFandGiMPRlCH 
(1949)  and  by  Eydill  (1959).  The  latter  paper  in  particular  should 
be  consulted  when  studying  the  additional  complexities  due  to  the 
operation  in  a  seaway,  in  which  case  the  functional  relation  between 
wave  input  and  ship  motion  enters  as  a  new  block  iri  the  feed  back 
diagram. 


10.  Stability  and  Manoeuvring  Performance 

In  the  deduction  of  the  linear  expression  for  the  steady  state  radius 
of  a  gentle  turn,  equation  (7.5),  it  was  understood  that  the  validity 
of  the  formula  was  limited  to  moderate  curvatures  and  drift  angles. 
According  to  the  examples  shown  in  Fig.  16,  all  from  full-scale  tests, 
the  linear  approximations  do  hold  for  manoeuvres  with  up  to  20" 
rudder;  if  the  steady  state  rudder  turning  moment  may  be  estimated 
for  still  larger  deflections,  the  non-linearities  of  the  hull  forces  may 
probably  still  be  assumed  to  be  of  secondary  imnortanee.  The  quotient 
1 1  Rc\ 

/  It-'}  wdl  then  be  characteristic  for  the  type  of  rudder  and 
31  \  L  /29° 

stem  arrangement  used,  and  it  is  hoped  that  further  information  will 
be  obtained  from  future  routine  trial  trip  tests.  Additional  full-scale 
data  on  rudder  cavitation  and  flow  break-down  will  also  be  welcome. 

When  comparing  equation  (7.5)  with  the  -criterion  for  dynamic 
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Fig.  16.  Full-Hcalo  turning  trial  results  showing  validity  and  limitation  of  linear  theory 
in  formula  (7.5).  Destroyer  data  published  by  Cole  1938.  Ore  carrier  data  supplied 
by  Kockuina’  shipyard  in  Malmd. 


stability  on  a  straight  course,  (8.3).  it  is  easily  seen  that  the  stable 
ship  will  behave  in  a  fully  normal  way,  in  as  much  as  it  will  turn  to 
starboard  in  response  to  the  rudder  being  put  to  starboard.  According 
to  these  same  equations,  a  ship  which  is  not  stable  on  a  straight 
course  may  tend  to  turn  against,  the  rudder.  Jf  when  sailing  with  zero 
rudder,  the  latter  ship  is  exposed  to  a  small  disturbance  from  its 
unstable  equilibrium,  it  will  enter  a  spiral  to  either  side,  the  rate  of 
turning  steadily  increasing  until  due  to  the  non  linearities  a  stable 
equilibrium  is  reached  in  a  turn  of  a  certain  radius  R  i.  e.  at  a  turning 

180  r 

rate  equal  to  rf-  •  .  °/s.  (Fig.  17.)  Again,  if  that  ship  is  to 

71  /.r_ 

be  made  to  turn  to  starboard  at  a  radius  Rr  >  Rr>,  or  at  a  rate  rr  <  r,t, 
this  manoeuvre  must  be  initiated  by  normal  rudder  but  it  is  then 
necessary  to  check  the  ship  with  a  reversed  rudder.  The  new  configura¬ 
tion  of  ship  with  port  rudder  is  now'  dynamically  stable  in  this  gentle 
starboard  turn.  A  plot  of  steady  state  rate  of  turning  versus  rudder 
angle,  changed  in  steps  from  port  to  starboard  (curve  c)  and  back 
again  (curve  d ),  will  then  show  up  the  hysteresis  effects  of  Fig.  17, 
known  as  the  J)jeudonne  spiral.  In  a  sufficiently  narrow  turn  the 
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Fig.  »7.  The  Dieudonn6  spiral.  Hypotetical  example  Bhowmg  the  jierformnnce  of 
a  stable  and  an  unstable  ship. 

ship  wilt  always  behave  like  a  stable  one,  and  thus  there  arc  two 
regions  within  which  the  gradient  drjddc  is  positive  and  finite.  The 
vertical  parts  of  the  curves  (c)  and  (d)  correspond  to  an  indiffeient 
stability  of  the  ship  with  slightly  deflected  rudder,  moving  in  a  curved 
flow.  Steering  along  a  straight  mean  course  can  be  accomplished  only 
by  repeated  use  of  the  rudder. 

The  important  role  played  by  the  non-linearities  of  the  hull  forces 
may  be  fully  appreciated  by  studying  the  experimental  curves  of 
Figs.  4  and  6.  It  is  easy  to  verify  that  the  criterion  of  dynamic 
stability  on  a  straight  course  is  not  satisfied  for  any  of  these  model 
configurations,  lacking  deadwood  area  and  rudder;  on  the  other 
hand  all  of  them  will  be  stable  in  a  curved  HiOviOii,  the  radius  of  which, 
is  smaller  for  forms  with  a  smaller  length  to  beam  ratio.  Ry  the  <sddi 
tion  of  suitable  stabilizing  surfaces  they  may  also  be  made  dynamically 
stable  in  straight  motion,  in  which  case  a  relatively  larger  -rea  is 
required  for  the  ship  with  the  smaller  length  to  beam  ratio.  As  an 
example,  consider  a  series  of  destroyer  forms,  all  with  a  beam  to 
draught  ratio  equal  to  3  but  with  varying  length  to  beam.  Let  these 
forms  be  equipped  with  a  fin  or  rudder  of  an  effective  aspect  ratio 
equal  to  2.  To  ensure  a  just  dynamically  stable  ship,  the  common 
form  with  LjB  10  will  have  a  fin  .area  of  about  4  per  cent  of  the 
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Fig.  18.  Stability  index  and  turning  ability.  The  figure  ia  based  on  model  test  data, 
published  by  Davidson  and  ScHirr  1S46,  and  BhowB  the  non-dimensional  turning 
circle  eurvaturo  at  a  small  turning  moment  coefficient,  in  all  cases  equal  to  —0.002, 
plotted  versus  the  time,  in  which  a  small  disturbance  is  reduced  to  e~*  of  its  initial 

value.  (FnL~  0.24.) 

lateral  area,  whereas  the  shortened  form  with  LjB  =  6  will  have  at 
least  8  percent,  In  practice,  less  than  half  of  the  stabilizing  effect  will 
be  due  to  the  rudder  proper,  however;  most  of  it  will  be  due  to  a  long 
skeg,  part  of  it  also  to  the  fin  effect  of  the  propellers. 

A  stern  propeller  in  yawed  flow  is  known  to  experience  a  pitching 
moment  and  a  transverse  force  which  lends  to  stabilize  the  motion 
(Glauekt  1919,  Riijner  1945).  This  effect  is  sometimes  reduced  by 
the  straightening  of  the  flow  into  the  propeller  due  to  the  hull,  some¬ 
times  it  is  partly  compensated  by  a  delay  of  the  stabilizing  boundary 
layer  separation  from  a  full  stern  due  to  propeller  suction.  S'kegs, 
rudders  and  propellers  add  very  little  to  the  static  (weathercock) 
stability  r.f  the  hull.  Their  importance  to  course  stability  is  to  be 
found  in  their  resistance  to  rotation,  i.  e.  their  damping  effects  present 
in  the  stability  derivatives  Y'r  and  N'r. 

Onee  more  turning  to  the  equations  (7.5)  and  (8.8)  it  is  interesting 
to  iook  for  a  relation  between  steady  turning  radius  and  the  quantita¬ 
tive  measure  of  dynamic  stability,  defined  by  the  stability  index 
In  the  paper  by  Davidson  and  Sfhiff,  the  authors  presented  a  dia¬ 
gram  of  the  experimental  product  of  minimum  turning  diameter  and 
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rudder  effectiveness  on  base  of  this  index.  (The  rudder  effectiveness 
was  defined  as  relative  rudder  area  times  maximum  deflection.)  An 
unstable  minesweeper  model  by  chance  fitted  quite  well  in  this  dia¬ 
gram.  A  different  presentation,  which  may  be  more  suitable,  is  found 
in  Fig.  18,  where  the  rate  of  turning  due  to  a  constant  sr-ial)  turning 
moment  is  shown  on  base  of  —  Ljpl  U,  i.  e.  the  time,  in  which  a  small 
disturbance  is  reduced  to  e”1  of  its  initial  value. 

In  Section  8  was  shown  how  the  exponential  decay  of  a  small 
initial  disturbance  in  r  or  could  be  calculated  from  the  characteristic 
equation.  If  the  ship  is  turning  with  a  steady  rate  re  and  a  drift  angle 
&>  corresponding  to  a  rudder  position  <5C ,  the  transient  phase  of 
entering  this  turn  may  be  calculated  from  the  response  to  an  initial 
disturbance,  which  is  given  by  —  rc  and  —  Pc.  (In  the  linear  treat¬ 
ment,  the  stability  derivatives  must  be  valid  for  the  hull  with  deflected 
rudder.)  From  this  reasoning  it  is  obvious  that  the  more  stable  ship 
will  need  a  shorter  approach  to  a  steady  turning  circle  or  change  its 
course  more  Willingly.  This  again  serves  to  bridge  the  gap  of  conflicting 
demands  for  ease  of  steering  and  high  manoeuvrability. 
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